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INTRODUCTION 


he United States is experiencing a critical need to place large payloads in low earth orbit 

l^nrh^rr H C T b ' llty ° f CUfrent and P lanned fleets of Titan IV and Space Shuttle 
ch vehicles, and reflects the requirements of the National Aeronautics and S D ace 

Finn'S sector, S ' ot, 2 S r 


.h is i h r T d ::i L l »z k in? mm p,m,de a ,ow c ° 8t - ^ 

; he Wdl e " able the United States to meet defense, national, and civil launch 
r quirements, while expending fewer resources on launch vehicles. 

contrive toT!' ALS *" , S|> *" JTT” 10 " B °° S “ r Engine Study is to 

“ “ * e . ALS etfort ^ Providing highly reliable, low cost boost., engine 

concepts for both expendable and reusable rocket engines. B 

in Fi^ n re a t iSt S C ° nCePt ° f * ^ With 8 partia,,y reusable core vehicle is show n 


were™) SpaCe Transportation Booster Engine (STBE) Configuration Study 

j ginC C ° nfigUratl0ns which enhanc e vehicle performance and provide 

F^l Scall n “I 7 C ° St ’ “ d (2) t0 expl0re inn °vative approaches to the follow-on 

Full-Scale Development (FSD) phase for the STBE. 

was b^on Uit otrp 7 ° Ver ‘“ t ' Ch " iCal apprMch t0 ,he ■‘“k 8ho ™ in Figure 2, 

Work (SOW) Th S E requirements and guidelines presented in the Statement of 

S NASA/aT, Torre T““^ "‘“‘"i'”" W "* as the result, of the 

J . , , - ' A , ^ Space Transportation Architecture Study (STAS) and later the 

Advanced Launch System (ALS), became available. As a result, the study effort w“ comltelv 

STBE Phare wlth the ALS “d other launch vehicle studies. The schedule of the 

s W fXre" S “ eI ' e " S “" 8 “ ,d the f '"* 1 rep “'" g documentation, is 


The STBE Configuration Study consisted of six tasks. Task I (SOW Task 5 1) consisted of 

T the dKig " »i"-— “d feswres ^re 

defined, and the information base was established. Second, the STBE configurations that 

enhance performance and provide operational flexibility at low cost were identified and the 

requrrements for those engine configurations for the projected missions were “fired 

During Task II (SOW Task 5.2), P&W developed a plan to evaluate the STBE 

^ ™ k ' *“* eStabH “ had <*•* * the most proflfng 

co^puarions. The Configuration Evaluation and Criteria Plan used overall system life cycle 
costs as the figure of merit and included considerations of mission and vehicle requirements 
operational fiesib.hty, schedules (along with their risks), required technological advances and 

facility requirement. The evaluation and selection criteria were compatible with t“e NASA 
requirements and the STAS results. WA!5A 
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Figure 1. Artist’s Concept — Fully Reusable Booster 
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Figure 3. STBE Phase A and Extensions 
During Task III (SOW Task 

ments identified during Task I . using ! th co5t (LC C). w*. need to select the 

4 naIa “ d PiW ' 

The selected e„*ne cm.did.te . - , thence -*« of Tasks IV “ hls 
(SOW Task 5.4), P&W completed the conceptual ° including a preliminary Interface 

ilk P&W prepared the Design Definition Document WM-g g^Bction. Task V 

^ (DR10> ' 

During Task VI, all of the technical review, status reports, and the final report were 
prepared. , T , 

Final Report. . 

This Volume II, Final Report, of STBE Phase 

th “ ,ogether the retercn “ “ t8 ' 
a These costs should not be 

considered^M C contractual' commhmant^aiui ^hoedd* l be used for Life Cpele Cos. (LCD) 
evaluations and planning purposes only. 

mu. oTUF. Program WBS and cost estinmtes are presented in Volume III. 
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SECTION 1.0 

EVOLUTION OF STBE DURING PHASE A 


The Space Transportation Booster Engine (STBE) configuration study evolved over the 

three-year contract period. A brief overview of the significant phases of the study is shown in 
Figure 1-1. 


Evaluation of Original Seven Gas Generator 
Engine Configurations 

Tripropellant Design and Analysis 

Unique Bipropellant 

Common Bipropellant 

Derivative STBE 

Split Expander 

LOj/RP-t 

Tap - off 

Design Life of 100 Missions 
Design Life of 30 Missions 
Conventional Manufacturing 
Low - Cost Manufacturing 


1986 


1987 


so 


1988 




M A 


J j A 


1989 


FDA 359912 


Figure 1-1. STBE Study Significant Phases 


Seven Gas Generator engine configurations were initially identified that met the 
requirements set forth in Task 1, Vol. II of FR-19691-1. Their characteristics are given in 
lablel-L These configurations were assessed using the Configuration Evaluation and Criteria 
lan developed during Task II. The engine evaluation process was based on determining the total 
life cycle cost (LCC) of a launch system using the ground rules for the trajectory, the vehicle and 
for the programmatic considerations. In recent years, LCC has become the accepted standard 
criteria on which to make the “best” choice because it includes all the important elements of 
engine evaluation criteria: performance, weight, development difficulty, risk, and operations as 

we,® 8 C09t * LCC 18 the figure of merit which encompasses the total system, and therefore 
requires system level analysis. 

Fi « ure I’ 2 an overview of the launch vehicle/rocket engine optimization procedure 

that was used as the basis for the present study. After the study ground rules were established, 
the matrix of design variable (parameter) combinations was selected. Engine performance and 
weight were then calculated for each of the variable combinations. The vehicle characteristics 
were obtained by an iterative procedure that loops through the Vehicle Weight and Sizing 
Program the Trajectory Program interface, and the engine performance and weight data until a 
converged mission-capable vehicle was defined. The characteristics of this vehicle were then 
passed on to the Vehicle LCC Program, which also receives input from the Engine LCC Program 
For each vehicle in the parametric matrix, LCC and weight data are passed into the Regression 
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P which fits a multivariable surface defining LCC as a function of the design variables. 

The P-P- thee interrogate* the eurf.ee end riches for the combinetron of desrgn 

variables which results in a minimum LCC vehicle. 


Table 1-1. STBE Candidate Engine Configurations 


— All Gas Generator Cycles 


Propellants 
Coolant 
Mixture Ratio 
Chamber Press (paia) 
Thrust 
Vacuum (Ibf) 

Sea Level (Ibf) 
Specific Impulse 
Vacuum (sec) 

Sea Level (sec) 

Area Ratio 
Length (in.) 

Diameter (in.) 

Weight (lb) 


STBE- 1 A 

LtyRP-1 

RP-l 

2.90 

1275 

STBE- IB 

l<vrp-i 

lo 2 

2.90 

1667 

STBE-2 

L(VRP-1 

lh 2 

3.12 

3500 

STBE-3 

L<yCH 4 

CH 4 

3.57 

2333 

STBE-4 

L(yCH 4 

LH 2 

3.64 

3500 

STBE-5 

LOj/CjH, 

C 3 H g 

3.20 

2333 

STBE-6 

lo 2 /c 3 h s 

lh 2 

3.38 

3500 

736,100 

625,000 

735,900 

625,000 

706.000 

625.000 

713.100 

625,000 

705,800 

625,000 

715,100 

625,000 

705,800 

625,000 

316.0 

264.3 

25 

152 

98 

6750 

318.4 

273.5 
35 
155 
98 

6745 

360.1 

318.2 
55 
143 
84 

6925 

341.5 

302.6 
40 
143 
88 

6655 

369.5 

326.5 
55 
143 
84 

6845 

333.9 

291.4 

40 

143 

88 

6650 

363.2 

321.0 

55 

143 

84 

6885 

R 19691/4* 



Figure 1-2. Launch Vehicle, /Rocket Engine Optimization Procedure 

The ground rules of this evaluation procedure were established jointly by Pratt & Whitney 
. i Mm plam Manager. Figure 1-3 describes the Launch Vehicle used m the analysis. 

La«fT.h a “S ft/S relative burnout velocity and a flyback booster ■ wrth a 
6000 ft/sec burnout velocity were evaluated to see if the optimum STBE characteristics change 
The^ majectoryground rulre rue presented in Tabl. 1-2. and the programme ground rules me 
presented in Table 1-3. 
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Payload • 150,000 lb 

Booster • Advanced Hydrocarbon Propellants 

Fully Reusable 
Burnout Velocity 

3.000 ft/sec Glideback 

6.000 ft/sec Flyback 

Core • Advanced Oz/Hj, STME 

Partial Reusable (Recoverable P/A) 
Parallel Bum With Crossfeed 


Variables • Pc,0/F, « Each Stage 


FDA 329945 


Figure 1-3. STBE Study — Launch Vehicle Used in Evaluation Analysis 


Table 1-2. STBE Study — Trajectory Ground Rules 

Trajectory Ground Rules Were as Follows: 

• East Launch/28.5 0 Inclination 

• Powered Ascent to 75 X 150 nm Orbit 

• Circularize at Apogee Using OMS 

• Maximum Q < 1100 lb/sq ft 

• Maximum G < 4.0 (Axial) 

• Optimized Pitch Schedule 

RlMBl/42 


Table 1-3. STBE Study — Programmatic Ground Rules 



Flyback 

Booster 

Core 

Vehicle 

Active Number Vehicles 

8 

8 

Avg Launch/Year/Vehicle 

6 

6 

Development Time 



— Engine 

7 yr 

7 yr 

— Vehicle 

6 yr 

6 yr 

First Flight 

1995 

1995 

Operating Period 

15 yr 

15 yr 

Vehicle Useful Life 

100 Missions 

100 Missions 


R1M91/42 


The detailed discussion of this assessment and the results are presented in Vol um e II of 
FR- 19691-1. The engine configuration selected by this process to have the lowest life cycle cost 
was the L0 2 /methane/hydrogen Tripropellant Gas Generator. 
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The following factors that make the L0 2 /methane/hydrogen tripropellant the lowest life 
cycle cost engine configuration also make good engineering sense: 

• Combustion Stability — Methane has the best history of combustion stability 
of all of the hydrocarbon rocket fuels. Also, the addition of hydrogen into the 
main combustion process will increase the burning rate. This increase in 
burning rate is predicted to make the combustion process even more stable. 

. Combustion Efficiency - Although high combustion efficiencies have been 
obtained in L0 2 /methane combustion systems, adding hydrogen to the 
combustion process increases the calculated combustion efficiency for the 
various hydrocarbon fuels for a resultant higher efficiency than L0 2 /methane. 

• Cooling Capability — The excellent cooling capability of liquid hydrogen has 
been established in several operational engine designs. 

• Ignition — An oxygen/hydrogen torch igniter can be used. The ignition limits 
of oxygen and hydrogen are very broad. This allows ignition at low pressures 
and mixture ratios well away from the stoichiometric mixture ratio. The 
hydrogen/oxygen ignition source also heats the methane/oxygen mixture for 
easier main chamber ignition. The main chamber could also be started with 
only oxygen and hydrogen. 

. Cleanliness of Turbine Drive Gas — The exhaust of the gas generator driving 
the turbines is hydrogen and steam; it is clean, and is used successfully in the 
Space Shuttle Main Engine. 

. Chamber Material Compatibility — Hydrogen is known to be compatible with 
the copper alloys used in the design of combustion chambers. However, 
because of hydrogen embrittlement the usual care must be taken in the 
selection of materials. 


• Safety — Both methane and hydrogen are lighter than air at ambient pressure 
and temperature, therefore, leaks or spills will not accumulate in low areas. 


In summary, the selection of the L0 2 /methane fueled, hydrogen cooled tripropellant engine 
configuration either eliminates or greatly reduces the risks associated with the design of high 
pressure, reusable hydrocarbon booster engines. 


This tripropellant engine configuration selection was then carried into Tasks IV and V. 
During Task IV the conceptual design was completed. Concurrently, the plans for the Full Scale 
Development program were prepared. The detailed results of both of these efforts are presented 
in Volume II of FR- 1969 1-1. 


Study efforts on this tripropellent configuration continued through the first extension of 
the Phase A contract. The results were given in Sections 2, 4 and 5 of FR- 1969 1-2. Also during 
this period, vehicle studies produced information on bipropellant booster engines. P&W began 
work to define the characteristics of a bipropellant booster engine, and this work is documente 
in section 3 of FR- 19691-2. 


At this point in the conceptual design process, P&W’s Manufacturing Division studies 
revealed innovative low-cost design concepts and manufacturing techniques for the bib 
configuration. 
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These results showed that* ^ frpropellar^ W6r f now showin & some results, 
the tripropellant. Also, at about this same tim e g NASA 2^* * m ° re C ° St effective than 

100 mtaion. to 30 miss ioo>, “nZi^ourff w 'T“ ta 

configuration was then set aside and the effort ^ “^realistic. The tripropeUant 

gas generator. This configuration had the w ( ^ Used u P° n the L 0 2 /methane bipropeUant 
tripropeUant selection in the evaluation During ^ C ° 8t &fter the ori » inal 

P&W completed its studies on the tripronelknt e 3eCOnd extension of the Phase A contract, 
characteristics and configurations of several binronST 3 /^ COntinued workin g on the design 
gas generator engine. The resuL of Zt T h P fT™*’ including the L0 2 /methane 
tripropeUant engine during that extension mC uding the work Performed on the 

»e,h M e » why 


Volume II 



• Clean Gas Generator Gas 

• Simplifies Injector Design 

• Seif Purging Reduces Cleaning 
Requirements 


Very Stable Combustion 

A Good Coolant, with High Coking 
Temperatures 

Allows Transpiration Cooling 

Allows Coaxial Injection of Gaseous Fuel 

Improves the Injector Face Cooling 

Reduces environmental impact of spills The 
volatile, non- toxic gas readily disperses. 


in detail in para^aph^lT Thepkt^foHt^fidl gaa generator engine is presented 

presented in SeSion 5.0 ^'Scale develo P me «t have been prepared and are 

engine” cycle would' *££ coTeff ££££ ^ *** * 3 **P- d - 

differs from the standard expander cycle used in the^RLlO^ 101 T*®' The Spht expander cycle 
fitel flow at the first-stage pump and directing thaMV.^ 10 ^ separatin g a Portion of the 

the fuel flow completes the standard exnanHpr 1 ^ * n j ector * The remainder of 

this flow is approximately the same as a standard 0 * j t0tfd beat “P ic kup” in the nozzle by 
and drives the turbines. Since flow and temperature^rade" Cyc a ; Thia flow cools the chamber 
spht expander low flowrate at the higher tenmeratm-P will prop ° rtl ° nall y in turbine power, the 
pump work wUl be reduced due to the reduction in fin ^ Same turbine power - The 

reduced power requirement provides the capabiUtv for « h th f second sta 8 e P^mp. This 

the increase in fuel temperature at the turbfne in lit hlgh ? r chamber Pressure. Furthermore, 
(throughout the turbine) at high thrust level condV^ 3 fijCl ^ ^ maintai oed 

analysis and evaluation of the split ^ ** ° f NASA ’ the 

The analysis of the split expander continued thrm.^h tb * beCam f part of thls contract effort, 
level of effort than the gas generator cycle Sha der?, r f amainder 1 of the contract at a lower 
expander cycle engines can be found in paragraph ^ ^ ^ ° f the split 

common engine for botl^helioo^ b ®? an 4 ° Sh ° W 30me advan tage to having a 

the requirements of the STME when operateVtith^h d*'’ ° ne / engine that couId meet both 
requirements of the STBE when operated with I f> / . hydro S en /oxygen propellant, and the 

such an engine, presented in paragraph 4 1 2 showe^thatTh P ?® eI,a,lt8 - The desi &n analyses of 


9 


Riae9i/4i 



Pratt & Whitney 

FR- 19691-4 
Volume II 


nt that the immediate need was for a LOj/hydrogen 

, ent.» .Upping »«.rd.he end of.be ALS 

program life. 

Th , ( STBE) contract emphaaia *en «nally 

could be obtained by modifying the S ™ e "^"® gas generator engine cycle and the 

— sraE - 

preU^^^^esf^^haw^Tbe'tr^'ttudie^and^t^'reaultant^itesigrrdet^ls'are presTnwd^n 

Section 4.0, Design Definition Document. 
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SECTION 2.0 

ENGINE REQUIREMENTS AND CONFIGURATIONS 


This section describes the work conducted under Task I /qnw t u c t,. 

developed the requirements for thp <!n»™ t ask 1 (SOW Task 5.1). This task 

performance and physical characteristics^! thp 8 ^^?'!^ 1011 ***** (STBE) and the 

this study are presented in P&W Interim Report FR-T9691T C ° nf,gUrat,ons ' The results of 
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SECTION 3.0 

CONFIGURATION EVALUATION AND SELECTION CRITERIA 


S II Th‘ S SCCt r C J eSC u " bes the effort conducted under Tasks II and III (SOW Tasks 5 2 and 
• )• he results of this effort are presented in P&W Interim Report FR-19691-1. 


PRECEDING 


'*07 filmed 
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SECTION 4.0 

DESIGN DEFINITION OF SELECTED ENGINE CONFIGURATIONS 
(DESIGN DEFINITION DOCUMENT DR-8) 


This section describes the work conducted under Task IV (SOW Task 5 4) This task 
developed the conceptual designs of the selected STBE engine configurations. 

The selected STBE engine configurations include: 

• Derivative L0 2 /CH 4 Gas Generator Cycle Engine 

• Unique L0 2 /CH 4 Gas Generator Cycle Engine 

• Common L0 2 /CH 4 Gas Generator Cycle Engine 

• Unique L0 2 /RP-I Gas Generator Cycle Engine 

• Derivative L0 2 /CH 4 Split Expander Cycle Engine 

• Unique L0 2 /CH 4 Split Expander Cycle Engine 

• Unique L0 2 /CH 4 Tap-Off Cycle Engine. 

Included is a preliminary Interface Control Document (ICD) and preliminary Contract End 
Item specification. 

4.1 GAS GENERATOR CYCLE ENGINES 

4.1.1 Derivative STBE Gas Generator Cycle Engine 

4. 1.1.1 Engine Design Evolution 

The Derivative STBE gas generator cycle engine concept began as a result of the common 
engine studies. In addition, the need for a unique engine, optimized for core vehicle use, ruled out 
the possibility of funding a separate, unique booster engine design as well. As discussed in 
paragraph 4.1.3.1, the common engine designs consisted of a common 0 2 /H 2 gas generator cycle 
engine that had slightly reduced performance characteristics than the unique STME and a 644K 
common L0 2 /CH 4 Gas Generator Cycle engine that had reduced thrust compared to the 750K 
unique STBE. Although hardware commonality between the two engines was maximized, the 
concept proved to be unacceptable when the following ground rules were established: 

1. No performance, cost, or weight penalties of the unique STME engine 
design are permitted 

2. The STBE engine will use as much of the unique STME hardware as 
possible, and thus will be a derivative of the STME 

3. The booster engine application must obtain 600K sea level thrust or 
greater. 


The conceptual design that arose as a result of this study is known as the Derivative STBE- 
it is a derivative of the L0 2 /LH 2 STME, but uses L0 2 /CH 4 and is designed for booster 
applications. Figure 4.1. 1.1-1 presents an engine assembly drawing and the overall engine 
characteristics. This derivative engine is the current baseline design for the STBE, therefore, the 
parametric equations, the ICDs, and CEI documents included in this report pertain to the 
derivative engine. 
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Propeflants 
Mixture Ratio 
Chamber Pressure 
Thrust - Vacuum 
- Sea Level 


CH*/L0 2 

2.7 

2,250 psia 
711,823 lb 
644,898 lb 


Specific Impulse - Vacuum 328.4 sec 
- Sea Level 297.5 sec 


Nozzle Area Ratio 

Diameter 

Length 

Weight 


28 

91 in. 

99 in. 
6,960 lb 


FD 366120 


Figure 4.1. 1.1-1. STBE Derivative Gas Generator Engine Design Conditions 


4.1. 1.2 Engine Cycle 

The STBE derivative is a UyCH, gas generator cycle adapted from the STME LOj/LH, 
ga. generator (GG) cycle engine. The STBE operates at a man. chamber pressure o “50 *». 
with a sea level thrust of 645K lbf. The nozzle area ratio for this engine is 28.1 and delivers a sea 
level specific impulse of 297.5 seconds. Figure 4.1.1.1-1 presents selected engine characteristics at 
the fixed operating conditions. Table 4.1.1.2-1 gives parametric equations for the vacuum I sp , 
nozzle exit diameter, and total engine length. 

Table STBE Derivative Gas Generator Parametrics 


Vacuum I ap 


Nozzle Exit Diameter (in.) 
Total Engine Length (in.) 


- 319.7 - 182.2 (OF) - 130.6 + 689.6 ^JOF 

+ 1.638 >/AE + 0.0048 (P e ) 

^ \ o.5 ( AE \ tys ( 2250 ^ o.s 

B 8 - 00 V 711823 / \ 28 / V P e / 

_ * / Dia V.h ( 7H823 \ 0,07 / 28 \ . a* 

\"ggIU” / V / V AE / 

+0.0000302 (F^) + 12.0 


Where: 

OF - Inlet Mixture Ratio 

AE - Nozzle Area Ratio 

p - Chamber Pressure 

F - Vacuum Thrust (lb) 

1 vec _ 


Validity Range 
2.3 to 3.7 
20 to 60 
1400 to 2400 
200,000 to 1,000,000 

— R19M1/.1 


Components of the STBE derivative that will be common with the STME are the main 
injector, gas generator, tubular nozzle, engine controller, igniters, G0 2 HEX, POGO suppress© , 
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hTsTMfatf 1 ' ‘"“X' I 80 percent of the ducting. Item, that will be redeemed 
for the STBE denvative are the combustion chamber, oxidizer pump, oxidizer turbine fill 

c!Lm!nh G rf 0I,d “ er V,,Ve ' G ° ft “' 1 ValVe ’ “ d the ^unhai. Table 4.1.1.2-2 summarized the 
common haniware components between the STME and Derivative STBE gas generator engines. 


Table 4. 1.1. 2-2. 


STME and Derivative STBE Gas Generator Engines - Common 
Hardware Components 


Turbomachinery 

• Fuel Pump Housing Flow Paths 

• Fuel Pump Impeller Flow Path 

• Ball and Roller Bearings 

• Turbine Outer Seals 

Tiebolt Shaft and Disks (Modified Blade Attachments) 

• Internal Labyrinth Seals 

• Major Flange Seals 

• Bolts, Nuts, Studs, Washers, Pins 

• 1st and 2nd-Stage Impeller Castings 

• Uniform Cross Section Static Housing Seals 
■ Inducer Retaining Bolts 

• Blade Retaining Rings, Tip Seals 

• Spacers, Bearing Sleeves, Wave Washers Made from 

Same Forging or Identical Hardware 

Engine Controls 

• Engine Controller 

• Engine and Component Instrumentation 


Combustion Devices 

• Gas Generator Injector 

Interpropellant Plate 

• Gas Generator Injector Housing 

• Gas Generator Combustion Chamber 

• Gas Generator Combustion Chamber Liner 

• Tubular Nozzle 

• Nozzle Inlet Manifold 

• Nozzle Discharge Manifold 

• Main Injector Interpropellant Plate 

• Main Injector Housing 

• Main Injector Faceplate 

• Igniter Assembly — Main Injector 

• Igniter Assembly — Gas Generator Main 

Chamber to Injector Flange, Seals, Fasteners 

Engine Assembly 

• Ducting 

80% Small Lines 


80% Large Lines 

• go 2 hex 

• POGO Suppressor 

• Fuel Inlet Flex Joints 



Rl9t»l/47 


4.1. 1.2.1 Flowpath Description 


showin, Z “ *“ C the STBE derivative ia “ figure 4.1.1 2-1 

“T 1 ”"** “ d flowP'Khe. Liquid methane and liquid oxygen enter the 

>h NPS ? We ' supplied hy the vehid «. sufficient for the high-speed, high-pressure 
pumps, with no boost pumps required. 8 pressure 


nf tWO p atage L methane P^P °P«ates at 10673 rpm to deliver fuel at the required pressure 

, k P / 3 ' a I™™ pump ex ' t t ^ ie ^ 0W3 through the fuel shutoff valve (FSOV) and to the 
chamber/nozzle cooling jacket manifold where the flow splits so that 25 p^cent oTs to h 

X ¥ta"“?c^l 8 r k “ “V 5 g0es 10 the cooW chamber 

Tm nstri rxsssr — 

flow is diverted to the gas generator oxidizer control valve and subsequently to the gas generator* 

to the 1 h i <97 P ‘ rCent) ' l0Wa ' hK,Ugh the mai " 0lidiMr <X» valve ami directly 
to the mam chamber injector. uireuuy 
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The high-pressure high-temperature (1688 psia/1800 R) gas from the gas generator 

provides the power to drive the high-pressure propellant pumps. The hot gas How is initially 

expanded through the methane turbine and is subsequently routed to a second turbine which 

S” , he °*d« e r Pump. The turbine exhaust gas is then diverted through the gaseous oxygen 

i h4nger (for tank Pressurization) and then discharged through a nozzle of area ratio 5 0 to 
produce thrust. 

4. 1.1. 2. 2 Engine Operation 

linH1 ™ e Cngine ^ Preconditioned using liquid flow from the tanks to soak the turbopumps 
. „ tbQ J are * U ff 1Cient [ y cooled - The inlet valve s will be opened, allowing liquid from the tanks 
vented d ° Wn ^ tUrb ° pumps 41,(1 letting an y va P ors to Percolate back up to the tanks to be 


The engine start is a timed sequence process using an oxidizer lead for reliable soft 
propellant ignition. The oxidizer lead avoids hazardous buildup of unburned fuel in the 
combustor or on the pad, because all fuel is consumed immediately upon injection. Reliability of 
ignition is enhanced by the LO ? lead because the transient mixture ratio during propellant filling 
includes the full excursion of ignitable mixture ratios from greater than 200 to less than one. 

PP Z, ith . the f 0xidizer lead start sequence, the GG L0 2 injector is primed prior to opening the 
GG fiiel valve to assure liquid oxidizer flow, thus eliminating turbine temperature spikes due to 
oxidizer phase change. After the GG L0 2 valve is opened, the main oxidizer valve (MOV) is 
opened followed by both the fuel GG valve and the fuel shutoff valve (FSOV). Helium spin assist 
is provided to the gas generator to help start the turbopump rotating and is discontinued early in 
he engine acceleration. Gas generator and main chamber ignition is accomplished with common 
^ dual electrical spark-excited, oxygen/methane torch igniters. Engine acceleration is 
accomplished by open-loop scheduling of the gas generator oxidizer control valve. 

Main stage thrust control is provided through open loop control of the GG oxidizer valve 
engine mixture ratio is preset by trim of the main oxidizer valve. 

Engine shutdown is accomplished using a time based scheduling of the propellant valves. 
The gas generator oxidizer valve is closed first to power down the turbopumps, then the GG fuel 
valve is shut along with the MOV. The FSOV is closed when the pump is at low rpm. Provisions 
tor post shutdown purging of propellants is provided. 

4.1. 1.3 Turbomachinery 

4. 1.1. 3.1 Oxidizer Turbopump Hardware Description 

■ The oxidize r turbopump is configured as a single-stage centrifugal shrouded impeller pump 
with an inlet inducer driven by a two-stage axial flow turbine. The design features of this 
turbopump are shown in Figure 4.1.1.3-1. The inducer and impeller, made of fine grained cast 

PreS8 f t HIP) InCOnel 718 ’ is C0U P led to tire turbine threu^a si^e 
mrbme disk with an integral shaft made of Waspaloy. Pump and turbine inlet and discharge 
fusings are fabricated from fine grained cast and HIP Inconel 718 to minimize machining costs. 
Iurbine blades and vanes are made from cast Mar-M-247 nickel base alloy. The ball and roller 

arT^ 85 ’. ma ? e r f I 400 7 atenaJ wU1 ** Used to su PP° rt the Pump rotor system. Investigations 
ongoing to find an alternate cyrogenic bearing material or combination. Any data and/or 
technology that is obtained through this investigation or the Space Shuttle Main Engine 

^ rb ° PU 7 P Devel °P ment (SSME-ATD) program, will be applied to the STME and 
o i && turbopump bearings and bearing systems. 
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Figure 4.1.1. 3-1- STBE Derivative Gas Generator L0 2 Turbopump 
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The rotor thrust balance system is accomplished through the incorporation of a double 
acting thrust balance system on the turbine side of the interpropellant seal turbopump in a liquid 
fuel environment so as to avoid any rub in a L0 2 environment. Externally supplied high pressure 
fuel (methane) is used for thrust piston actuation and for roller bearing and turbine coolant. The 
rotating thrust piston is made of forged Inconel 718 and its mating surface of the stationary 
housing is an insert made of Bearium B-10 material (leaded bronze). Axial travel of the rotor is 
controlled at this location. 

The double-acting thrust piston provides thrust balance capability to the rotor system by 
controlling axial imbalance loads during startup, steady-state, and shutdown operation. As an 
axial imbalance load occurs, the rotor moves axially, which opens an orifice that supplies high- 
pressure fuel to the side of the piston in which the rotor has traveled. At the same time, the 
opposite piston face is now vented to low pressure fuel, resulting in a reaction thrust load that 
restores the rotor to its initial position. 

While the roller bearing is cooled by fuel, the ball bearing is cooled with L0 2 . Oxidizer flow 
along the backside of the impeller is used as bearing coolant, then is recirculated to the inducer 
inlet through a controlling orifice/hole in bearing carrier and shaft. Bearing DNs for the ball and 
roller bearings is 0.88 X 10 6 and 1.06 X 10 6 respectively. In addition, damper seals will be used to 
assist in rotor damping. 

The interpropellant seal package employs a labyrinth seal design with a helium buffer 
cavity. This design is similar to the SSME ATD L0 2 turbopump design. An oxidizer-side 
vaporizer is incorporated to reduce the overboard leakage. 

The turbine inlet housing is a cast volute integrating the first-stage turbine vane, and 
contains the placement of the turbine tip seal lands. A gas-cooled liner is not required at this 
location because of relatively low temperatures and pressures as compared to the fuel turbopump 
turbine inlet. Attachment of the inlet housing to the pump housing is achieved with a flexible 
arm designed to provide thermal compatibility between the two housings. 

The turbine discharge housing is a fine grained cast and HIP Haynes 230 configuration 
which incorporates an exit guide vane. This guide vane is required, due to the relatively high 
second-blade exit angle, to avoid excessive flow losses resulting from redirecting the flow into an 
axial direction. 

4. 1.1. 3. 2 Fuel Turbopump Hardware Description 

The fuel turbopump is configured as a two-stage centrifugal shrouded impeller pump with 
an inlet inducer driven by a two-stage axial flow turbine The design features of this turbopump 
are shown in Figure 4.1. 1.3-2. The inducer and impeller, made of fine grain cast titanium A- 110 
ELI, are coupled to the turbine through an integral turbine disk shaft made of forged Waspaloy. 

Pump and turbine inlet and discharge housings are fabricated from fine grained cast and HIP 
Inconel 718 to minimize machining costs. Turbine blades and vanes are made from cast 
Mar-M-247 nickel base alloy. The ball and roller bearings, made of 440C material, will be used to 
support the turbopump rotor system. In addition, damper seals will be used to assist in rotor 

damping. These fluid hydrostatic bearings are supplied with leakage flows from the impeller back 
face. 
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Second Impeller as Double 



Pump Impeller 
Turbine Disk/Shaft 
Turbine Blades 
Turbine Vanes 
Housings 


Titanium 
Super A-286 
MAR-M-247 
MAR-M-247 

INCO 718, MAR-M-247 
and Haynes 230 


FD 366121 


Figure 4.1. 1.3-2. STBE Derivative Gas Generator Fuel Turbopump 


T , pn , nr fhru9t baJance system is accomplished by incorporating the thrust piston into the 

face and by an aft stop on the ID of the impeller back face. 

The ball and roller bearings are the same bearings used on 

tmmmrnrn 

respectively. 

The turbine inlet and discharge housings are fine grain and HIP casting Haynes 230 
volutes A^chment of the inlet housing to the pump housing » achieved with a thermally 

compatible designed flexible arm. 
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A diaphragm type lift-off seal (similar to the ATD fuel turbopump) is incorporated in the 
fuel pump design to prevent cooldown flow from entering the turbine duringthe pre-start 

if '"TUT' PUmP PreSSUrC inCreaSCS 50 that lift ‘ off ^ is Reflected anS flowt 
permitted through the bearing and into the turbine for additional turbine cooling requirements. 

4. 1 . 1 . 3. 3 Turbomachinery Rotordynamics 

Th ! P&W Advancad Launch (ALS) Program is designed to produce reliable, low- 

cost rochet engine turbopumps. Pratt & Whitney uses proven design criteria and analytical 
methods in the design of rotordynamic operation for jet engine rotors and rocket engine 
turbopumps. Each Derivative Gas Generator Oxygen Turbopump (DGGOT) and Derivat.ve Gas 
stiff* r Fuel Turbopump (DGGFT) design incorporates configuration changes which result in 

Structures with the Edition of roughened stator 
damper seals. For optimum rotordynamics, each rotor is supported by strategically located, stiff 
durable bearings. These changes result in a significant improvement to the first fundamental 
bending mode of the rotor, moving it well beyond the maximum operating design speed. This in 

rotor f" 1° <m imP , r ° Ved r0t ° r balance P rocedur e, results in an effective low speed balance of the 
rotor for low synchronous response. Rotor stability in the DGGOT and the DGGFT have been 

improved by designing the turbopumps to operate below the first vibrational mode of the rotor 

ZZT S T ? T rg !T in CaCh tUrb ° PUmp 13 pr0vided ^ the introduction of roughened stator 
dam per seals into the design. 

4. LI. 3. 3.1 Oxidizer Turbopump Rotordynamics 

The primary goals in the design of the DGGOT have been to provide: (1) greater than 20 

ZTJT T deSign S* f0r the ** fUn£kmenta] b -chng P mode for io' TsynchroTous 

nro^Vo b a SU ? Sta ty margin> and (3) a high inte ^ty rotor balance. Meeting these 
provisions has required optimization of the mechanical design of the rotor, bearings rotor 

p?r n ’S e , r 3eaJs ’ and j fusings for successful rotordynamic characteristics. The initial 

ro .i v? design moved the first fundamental rotor bending mode, with high strain energy 

imbljlr^ Tb \ 1 ? S,gn , Speed> effectivel y eliminating the synchronous response due to rotor 

sn**H^b ThC a h “? b ° UnCe m ° deS ° f the rotor occur at 99 “"i 199 Percent of operating 

conton^ “ T f ^ rigid b ° dy m0de9 411(1 “ ° f re,ative] y low rotor str ain energy 

content. They are shown in Figures 4.1. 1.3-3 and -4. 


Rotor bearing stiffness plays an important role in the dynamic behavior of all turboma- 
chinery. In high-pressure rocket turbopump designs, P&W realizes the need for the combined 

relative^ff . (Le " bearing * Carrier > Md bflcku P structure) to approach or exceed the 

relative stiffness of the rotor structure. 


bearing "x!, * P ^ h “ be6n USed t0 set initiaI design requirements for each 
;Z l St,f neSS I T ^ P r mP 6nd aring iS 4 ' arge diameter > high load opacity ball bearing with 
2 Z TT? ? Clearance (IRC) and deadband - The turbine end bearing is a large 
• % hlgh ‘° ad Capac,(y roller bearin g with a negative IRC. High rotor stiffness, coupled 

s„cr*«ff. ro T deSlgI1> . wlthout exceedin g successful P&W bearing DN experience, ensure that 
successful rotordynamics criteria are met for this application. 
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,,,,3 STBE Derivative Gas Generator >L0 2 Turbopump Critical Speeds Analysis 
Figure 4. 1.1. 3-3. STBE Den, ^ p .^ ^ Qf ^ RotQr at 99% Design Speed 

(RPM - 7016) 

Rotordynamic s-hiii* “ “o7" 

r 

seals is designed for high damping, moderate st.Ifnes. “ d ,T^»dX*rono« response 

Thfopetti^s^S SS 

incorporated into the next phase of design. 

The DGGOT design provides for improved rotor balancing. Each major rotating component 
s*. h^S^in^ed ,o the throogh 

S£1T» ^imfreX, 

balance of the rotor assembly will be completed with corrections in two planes. 

The DGGOT design proposed by P&W results in acceptable rotordynamic characteristics 

throughout th * ^ h3g been dmen to 

synchronous response due to tne stability of the rotor is significantly 

- - — — — 

50 percent of the design speed. 
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A critical speed summary for the DGGOT is provided below. 


(rpm) 

7016 

14556 

54067 


% Design 
Speed 


% Rotor Strain 

Energy 


Mode 

De sorption 
Pump Pitch 
Turbine Bounce 
1st Bending 


4.1.1. 3.3.2 Fuel Turbopump Rotordynamics 

The three primary goals in the design of the u 

rotor design, (2) a sufficient stability margin and r*\ u- een to Provide: (1) a subcritical 
these provisions has required optimization of the mLh * j mtegnty rotor balance. Meeting 
supports, tbunper so,],, and housing for sucressful 

(with^tltrVn^^ — bending n ode 

synchronous resonant response due to the rotor imhel • 6 3peeA Conse quently, the 

two modes occurring at 110 and 154 percent of the ST*!" dm ° 8 j Com P ,etel y eliminated. The 
*“ ^ as shown 
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0 • 


FO 363182 


- — ™ » rs 

Design Speed (RPM - 11829) 

. * rvnrt in the dynamic behavior of all 

— - — — 

The rotor critical speed analysis has been “ J h ^TcTpS^baU bearing with 

bearing stiffness. The pump end bearing is a ^ ’ a ^ diameter, high load capacity 
minimum IRC and deadband- The turbine end ^be * j P&W bearing DN experience 

- rSff i -sign in this application, ensure that 

successful rotordynamic design criteria are me 

Rotordynamic stability is ^m^o^ 
excitation associated with the ?" ‘ ' t rigid m0 de to 110 percent of the design speed and y 

rrsM ~ ^ - " 
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Figure 4.1. 1.3-6. STBE Derivative Gas Generator Fuel Turbopump Critical Speeds Analysis 
Showing the Pump Pitch-Turbine Bounce Mode of the Rotor at 154% 
Design Speed ( RPM =■ 16509) 


Rotordynamic stability analysis will be used as a design tool to determine the final damper 
seal configuration requirements for optimized system dynamics. However, the DGGFT is 
designed such that damper seals are not critical to the dynamics of the rotor system. Each of the 
seals is designed for high damping, moderate stiffness, and minimal leakage. The incorporation 
of damper seals in the turbopump provides reduced synchronous response throughout the 
operating range resulting in low dynamic bearing loads and rotor deflections, sufficient margin 
on the OS I, and additional rotor load support. Parametric studies on the interstage damper seal 
locations will be presented in Phase B design. 

™™ aJanCB provision8 techniques used for DGGFT are identical to those used for the 


A critical speed summary for DGGFT is provided below. 


Kr 

% Design 

% Rotor Strain 

Mode 

(rpm) 

Speed 

Energy 

Description 

11829 

110 

22.2 

Pump Bounce- 
Turbine Pitch 

16509 

154 

9.8 

Pump Pitch- 
Turbine Bounce 

26671 

249 

82.0 

1st Bending 
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4.1. 1.4 Combustor 

The most commonly used models of steady-state rocket combustion are based on the 

“ rtr ict ^ 

for subcritical vaporization. 

Pratt & Whitney has developed a rocket combustion model directly aimed at the high 
VT&XX « wniiney f fort The basic eleme nts of the model are droplet 

rantrolled l^difluMon once thc h< I uid <koplet r “ chcs crittal1 cond,tl0 “; ‘ '^ Wh 'ticd D^sure 
the 98 percent C* efficiency specified for the engine. 


Characteristic 
Velocity 
Efficiency - 

he* 



Figure 4 


.1. 1.4-1. Efficiency vs Length for STBE Derivative Gas Generator Combustion 

Chamber 
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Injector Elements 

The injector element performance is critical to the combustion efficiency and stability of 
the combustion process. Two important parameters relating to the injector performance and 
design are pressure drop and the number density of elements on the injector face. 

The AP across the elements must be high enough to prevent “chug” or fuel system coupled 
instability (minimum six percent P c for fuel and four percent P c for L0 2 ). The AP is also 
important to the drop size distribution produced by the element and hence the combustion 
efficiency of the chamber. The element density sets the overall dimensions of the coaxial 
injection elements which must stay within manufacturing and contamination limits. In addition 
to these considerations, the derived STBE engine needed to be designed using the same injection 
elements as used in the STME unique chamber design. The actual design set for the gas 
generator cycle STME and derived STBE injector is given in Table 4.1. 1.4-1. This injector meets 
the above design constraints in both engines. The injector is estimated to produce a LO, droplet 
spray with a 55 micron MMD in the STBE engine based on coaxial injector performance data 
recently taken for the National Aerospace Plane program by Pratt & Whitney. The main penalty 
involved in using the same injector elements in both the STME and derivative STBE is that a 
higher pressure drop is required in the STBE than would otherwise be required for injector 
element designs for that engine alone. 

Table 4. 1.1. 4-1. STME /Derivative STBE Injector Elements Dimensions and Operating 

Conditions 



Derivative 

STBE 

STME 

Chamber Pressure- psi 

2250 

2250 

Fuel Flow-lb/sec 

442.3 

164.7 

AP Fuel-psi 

293.0 

170.0 

L0 2 Flow-lb/sec 

1541.0 

1112.0 

AP L0 2 psi 

302.0 

157.0 

No. of Elements 

890 

890 

Spud ID-in. 

0.272 

0.272 

Annular Gap-in. 

0.02 

0.02 
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Acoustic Liner 

The derivative STBE combustor chamber will be provided with an acoustic liner to 
suppress combustion instability. The liner consists of a perforated surface that absorbs a portion 
of a reflected pressure wave, thereby damping the intensity of the reflected wave and decoupling 
the wave from the combustion process. A common measure of liner performance is the 
absorption coefficient which is equal to the energy absorbed divided by the incident wave energy. 
The absorption for a given liner design and operating conditions can be calculated by the P&W 
acoustic liner design deck (5612). This deck uses well established mathematical models of the 
acoustic liner operation along with empirical correlations of the acoustic aperture effective length 
and resistance for high sound levels. The predictions of this program were recently verified in 
work done under AFAL contract F04611-86-C-0115. 

The acoustic liner design proposed for the derivative STBE core is listed in Table 4.1. 1.4-2. 
To arrive at this design some of the parameters, such as the acoustic aperture hole diameter and 
length, had to be estimated. These parameters are usually set by the cooling channel dimensions 
and have a relatively small impact on acoustic absorption. The 0.05 area ratio (acoustic hole 
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area/total acoustic liner area) was set based on past parametric studies which have shown ^this 
value to be close to optimum. The backing cavity depth was set to maximize abwrption at the 
First tangential frequency of the combustion chamber (1423 Hz). Experience has shown that th.s 
is the most likely frequency of combustion instability. The liner placement in the cham ^ r ^ 
the injector face) and length are based on experimental testing and design experience which has 
shown that combustion fan be stabilized by -4-length liners with a minimum of 20 percen 
acoustic absorption at the frequencies of interest. Further experimental verification o the 
acoustic liner design procedures and assumptions such as backing cavity gas temperatiue will be 
obtained in the planned testing of the STBE subscale test chamber under contract N A S8-3749^ 
The predicted acoustic absorption of the STBE acoustic liner or a function of frequency is shown 
in Figure 4 1 1 4-2. The curve shows good acoustic absorption over a broad frequency range. 


Table 4 A A. 4-2* 


STBE Derivative Engine Acoustic Liner Design and Operating 
Conditions 


Chamber Presaure-pai 
Aperture — Gas Temperature-’ E 
Aperture — Gas Molecular Wt. 
Hole Diameter-in. 

Hole Length-in. 

Area Ratio 

Backing Cavity Depth- in. 

Liner Length-in. 


2250.0 

2000 

22.2 

0.1 

0.35 

0.05 

0.60 

4.8 

R19«1/4T 


Absorption 

Coefficient 



Figure 4. 1 . 1 . 4-2. Sound Absorption vs Frequency for STBE Derivative Gas Generator 
Acoustic Liner 
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4. 1.1. 4.1 Main Injector 

The main injector design uses 869 coaxial, tangential entry injection elements arranged in a 
hexagonal concentric pattern in a 20.35 inch-diameter injector face. This type of injector element 
has consistently demonstrated efficient, stable combustion in all of the P&W high-pressure 
combustion programs. The main injector assembly is shown in Figure 4.1. 1.4-3. 



The oxidizer injection element, shown in Figure 4.1. 1.4-4, is a tube which is closed at one 
end and has a 0.272-inch ID and a 0.020-inch wall thickness. The oxidizer is introduced into the 
tube through three slots that are oriented on a tangent to the tube ID. The tangential entry 
produces a hollow cone spray of liquid oxygen which results in extremely fine atomization, and 
rapid, stable combustion. 


Fuel is introduced through an annulus surrounding each L0 2 injection element. The 
annulus is formed by the fuel sleeve which is cast integral with the injection element and brazed 
to the porous faceplate. Fuel enters the injector from the combustion chamber coolant interface, 
and flows radially inward in the injector manifold which is formed by the interpropellant divider 
plate and the porous faceplate. At each L0 2 injection element, the fuel is directed into the 
individual fuel annuli by four radial slots in the fuel sleeve. The fuel is then discharged from a 
0.02 in. 2 annulus surrounding each L0 2 injection element. The faceplate is fabricated from a 
porous material, woven wire product consisting of Haynes 230 cobalt alloy, allowing approxi- 
mately five percent of the fuel which is introduced into the injector to flow through the injector 
face to achieve faceplate durability. 
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, Th V main , injeCt0r assemb,y is fabricated from fine grained cast and HIP Inconel 718 with 


4. 1.1. 4. 2 Combustion Chamber 

discharge rege , ne 5 atlveIy coo,ed by ^el from the h,gh-pressure pump 

tltaStf Thi. no ? the injector interfi,ce internal manifold, and 

tZ Z tw “ "° W P-ovKto the coolest fuel at the throat where wall heat 

nux is nignest. Ihe combustion chamber is shown in Figure 4.1.1.4-5. 


The main combustion chamber uses similar construction technologies as the SSMF Main 
Combustion Chamber in the area of the regeneratively cooled line. However he con^Sn 

NASA Z^ODDe^alk^^T^ 30 * 16 ^ deS * gn ' The -generatively cooled liner w.Vbe for^d tm 
^AbA Z copper alloy. The cooling passages are machined from the copper alloy liner and an 

e P° sl e nickel close-out is applied which forms the outer jacket of the liner At this point 
tire structural jacket of aluminum is installed around the liner by a bi-ctt ThTs is 

pl M a"^ h t b Sr n cLti^X“ “° Und ,he the " the 5tr “ CtU ' al j “ k6t is 

wekJmcEl” San Tf. 1 ‘5* bi ' CaSt ^ is va ^ » the conventional 

rnitatrT'b“ d ,he 

iS r rdT“^ist^;- 

stabilitv TI, 0U5tlC C . aVity •“ ?“ itioned adjacent to the injector face to provide combustion 
stability The acoustic cavity is located behind the copper alloy liner The cavitv is 

^e combustion chamber cavity through a specified number 

between the coolant passages. A liner is placed in the acoustic cavity to which a Animal amoun 
of coolant flow is tapped off the chamber coolant exit, and used to cool the 

oZnirh'T h,S C00l “ t i5 than d '“ apad ia '° tha <0 provide a pu^ outflow 

preventing hot gas ingestion into the acoustic cavity. * 

T6a rZ he ® TBE denvetive gas generator thrust chamber is a derivative of the STME chamber 
SmJer !k V 6 has ldentical values of manifold location and size, divergent nozzle exit 

chamher’fo cbam ® ter and mjector-to-nozzle exit length as the STME design The 

chamber features a machined passage thermal-skin NASA-Z liner/nickel closeout assembly 
surrounded by a structural jacket. The coolant enters the common inlet manifold and flows 
manifold ° W t0Ward the ‘ n J actor - where it discharges directly into the injector. The chamber inlet 
“ f0ld ! S co “ mon -th the tubular nozzle which improves the inlet geometry and reduces inlet 
pressure drop Since the chamber is cooled with all the chamber fuel flow theexit manifold can 
be eliminated which minimizes the coolant exit pressure drop. I^e to thf higher hZ 

X”n2 8 7l„^„Tf/^ K ^ e t i rMt *— haa increased from^tlw STME 
the STME al , « if J 3 T-*' Th ® chamber contraction ratio of 2.0 is less than that for 
the STME as a result of maintaining a common injector diameter while increasing the rhro«r 

linerwith th 6 inC l US1 °? ° f the acoustic hner in the chamber increases the difficulty of cooling the 
hner w„h th,. reduced contract, on ratio. To cool the liner within the cycle re^iremenS* Se 
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r Vioa hpon set at 330 with a maximum passage height-to-width aspect ratio of 

number of passages has been set . * K rWimine for coolant side curvature 

enh^cement^f iteaUrans^r film coefficTent Figure 4.1.1.4-6 presents the derivative thrust 

chamber contour and passage geometry summary. . 


The coolant passage dimensions have 

requirements at the 120 percent t rust sign P°‘ chamber cooling performance at the 

2250 psia. -2* *• “ h °‘ 

120 percent thrust design 1 ‘^ mum wtU heat „ ux this wall temperature 

wall temperature is approximately 1 • throat The coolant side curvature 

is 55.2 Btu/in. 2 -sec which occurs one-inch forwari ■« the coolant enters the 

enhancement at the high heat flui poin is ap passage geometry has also 

S ““ h ^ 

derivative chamber is 0.2. 


4,1. 1.4 . 3 Torch Igniter 

A continuous burning torch ignite, was ch^en to, use mboth idle gaa 
combustion system because of the simplicity o t * **” g57 p n & Whitney and is 

on,ne programs. 

.tfsssKsSiaSar 

imssr £=• - *• 

The constmction of the torch assembly is discussed in Spmie Transportation Main Engine 
Configuration Study, P&W FR-19830-1 Volume II, page 93. 

4. 1.1. 4. 4 Gas Generator Combustion System 

. „ nTpH . flrea injector which injects the fuel and liquid oxygen to 


— ^doiT^r^ i^Tto^rr; js: zx z 

ZZLZZZZZZ Each element has flow 

diamete r The fuel is injected into the combustion chamber through radial slots 
sleeve. 
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Figure 4. 1.1. 4-8. STBE Derivative Gas Generator Assembly 



Pratt & Whitney 

FR-19691-4 
Volume II 

The gas generator injector is fabricated from a cast Haynes 230 divider plate with integral 
injection elements. The oxidizer manifold cavity is formed by a bolted-on dome-shaped end plate 
The fuel manifold is formed by a torus welded to the cast divider plate. The porous faceplate is 
razed to each injector element fuel annulus sleeve, thereby providing structural support to the 
p ate. The faceplate is made from a porous, woven wire product consisting of Haynes 230 cobalt 
aJloy. This material provides good oxidation resistance and high temperature strength to resist 
the erosmn effects if hot gas scrubbing does occur. The faceplate provides a high enough pressure 
differential to cause the fuel to uniformly distribute for concentric injection into the sleeve 
around the oxidizer element, yet passes enough fuel to transpiration cool the material and float 
the combustion gas away from its surface. 

The combustion chamber consists of two basic assemblies, the scrub liner and the 
structural case. The scrub liner forms the hot gas flowpath and protects the structural case from 
the hot gas. The scrub liner consists of a porous and non-porous liner. Both are made from 
Haynes 230 cobalt base material needed for its oxidation resistance and high -temperature 
capabilities. The front three inches consists of a porous liner that is transpiration cooled by a 
portion of the fuel flow tapped from the gas generator injector. This front zone is the region of 
highest energy release, and in addition to providing thermal protection, the porous liner also 
serves as an effective acoustic damper to prevent combustion instability. The other (non-porous) 
liner is a cylindrical duct which forms the combustion chamber. 

4.1. 1.5 Nozzle 


4. 1.1. 5.1 Regeneratively Cooled Nozzle 

The regeneratively cooled nozzle, shown in Figure 4.1.1.5-1, is constructed from 990 SPIF 
(Super Plastic Inflation Formed) tubes of AISI 347 stainless steel, surrounded by a structure 
shell of closed cell elastomeric foam with a filament wound composite overwrap. This shell is also 
designed to carry all hoop loads. 


^'^ ie SPIF nozzle is welded to the inlet and exit manifolds which are both made of AISI 347 
SST. The closed cell polyurethane foam on the exterior of the nozzle, would adhere to the nozzle 
surface and act as a compliant layer between the nozzle and the composite structural shell due to 
the coefficient of expansion difference between the nozzle and shell. At cryogenic operation the 
oam would become rigid, thereby transferring the nozzle hoop load into the structural shell. The 
nozzle coolant inlet manifold supplies coolant to the nozzle and the combustion chamber, making 
the nozzle parallel coolant flow and the combustion chamber coolant counterflow. 

The regeneratively cooled nozzle is entirely common with that of the STME. Figure 
4.1. 1.5-2 summarizes the nozzle geometry. The nozzle is constructed of 990 super plastic inflation 
formed AISI 347 stainless tubes. The nozzle is 56-inches long and extends from an expansion 
area ratio of 2.16:1 to an exit area ratio of 27.9:1. The number of passages and the passage 
dwmeters have been sized so that the operating stresses of the wall never exceed the 0.2 percent 
yield stress. An alternate nozzle design could be constructed of 990 Haynes 230 tubes. 


The coolant enters the nozzle at an area ratio of 2.16, flows parallel to the gas path flow and 
exits at an area ratio of 27.8. Figure 4.1.1.5-3 presents the predicted heat transfer performance of 
the nozzle, the nozzle is cooled with 146 lbm/sec of fuel that enters at 234 R and 4024 psia and 
exits at 563 R and 3502 psia. The maximum hot wall temperature and heat flux are 1455 R and 
10.9 Btu/in. -sec, respectively. 
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4.1. 1.6 Gas Generator Engine Control 

The STBE control consists of sensors, interconnects, a controller, actuators, propellant 
alves, ancillary valves, and a health monitor. The functional layout of the STBE Control 

coZrr 13 r °" FigUre t 4 U ' 6 - 1 - The sequences the valves for engine 

control and maintains engine safety by sensing hazards and taking corrective action. A single 

electromechanical actuator drives both the gas generator fuel and oxidizer valves. The main 
chamber oxidizer and fuel shutoff valves are helium actuated. The gas generator fuel and oxidizer 
ves use similar sleeve valves, and the main chamber oxidizer and fuel shutoff valve use similar 
poppett valves. The health monitor is integrated with the controller but electrically isolated to 
prevent health momtor faults from propagating into the controller and jeopardizing engine 


Engine thrust is regulated by trimming the gas generator oxidizer valve while engine 
mixture ratio is regulated by trimming the main oxidizer valve. Oxidizer flow shut-off is provided 
by the gas _ generator oxidizer valve and the main oxidizer valve while positive fuel flow shut-off is 
provided by the main fuel shutoff valve. 

Table^sT* 10 ***** * C ° ntr01 monitorin ^ *■*»«» concept are shown in 


4. 1.1. 6.1 Control /Health Monitor Conceptual Architecture 

'° nC r alIy the controller / heaJth monitor is comprised of two functions: (1) control and 
safety momtoring and 2) maintenance monitoring. Control functions are those required to start 
mmntam normal operating conditions and shutdown the engine. Safety monitoring consists of 
real time engine evaluation to determine if an emergency shutdown is required. Maintenance 

flivht V rtV 1 fn . nCtl0nB j and P h y sicaJ characteristics which include many that are not 
flight critical, but real time definition is necessary to properly schedule maintenance. 

The STBE engine uses a simplex, full authority digital electronic engine control with dual 
channel input/output (I/O). A single channel control with an effector system designed to direct 

c"oZ,w ^r,r" ,oss ot “ n,ro " er ft " ct ' on n “ ,s the r *" ** .££££ 

Controller reliability -requirements are met with dual I/O interfaces which receive inputs from 
dual sensors with the information being processed by a single microprocessor. 

, «fP* interf « ce *JPP°*s solenoids with dual windings and a dual channel electrome- 

“ T mterf “ e - 0ne of the tW0 adenoid windings in each device has the capacity for 

accommodate^!? 11 “Vt 006 ° pen3 ‘ Shorted 3olenoid bitches are 

“SaTr ^ * ^ th , high “ d low sides of the solenoid. The electromechanical 

27JT 1 r 13 3 ^ aCtiVe 6ffeCt0r SySt€m With 3in * le P r °c6ss°r control. Under 
normal conditions, each output interface provides one half the drive signal necessary for actuator 

interfaced 0 "h 6 EMA interface3 becomes inoperative, the current drivers in the inoperative 

capabditv^htTaT ^ ^ T* “ th " remainin « in terface is doubled to provide full control 

•inrfi Th d ^ interface provides smooth transfers from dual channel operation to 
single channel operation. K 
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— Requirement 
$300/lb Launch Cost 

Design Life 

Reliability 

Safety 

Thrust (Vac) 

Mixture Ratio 
Transients 

Interfaces 


a « 4. 1.1. 6-1. Control System Requirements 


Engine 
Requirement 


Low Recurring Costs 

5 Hours, 30 Missions 
Demonstrate 0.99 at 90% Confidence 


Control System 
Requirement 


for Uw Coeta and Reliab.lity, 
Provide Prelaunch Checkout 

Durability. Maintenance Monitoring 
0.9992 


Pail Safe 

V12K ±3% 

6 ±3% at 712K 

Start to 712K < 5 sec 
Max Rate of Change of Thrust 
Shutdown Impulse 


Benign Shutdown 

Ground Trim 

Ground Trim 

Response 

TBD 

TBD 


• Tank Pressurization 

• Information 


gch 4 , go 2 

TBD 


• Electrical 

* Ancillary Fluids 


N/A 


Valves, Logic 
Data Bus, Baud Rate 
28 vdc 


-Ground Operation 
—Vehicle Operation 


Cooldown, Purge 
e. Actuation 



ft 19*81/47 

detection, and wraparound, feedback failure 

ding current and comparing the result to the requested vlhTe^ * measuring actuator 

contj^ produce an erroneous result to the 

a difference between the dual sensor readings Open loon ° ut ' of ‘ ran e e readings or detecting 

feSh t d aCtUat0r Potion to the measured position a ^ Ctl0n 13 Provided by comparing the 
feedback is measured over a period of tim« P ” ion. T he error between the request and 

actuator error is above the threshold value an oranT^f ? * thr ^ sho,d vaJue - If the measured 
actuator malfunction cannot be isolated to In the 6Vent that an 

the lo Po. glven int erface, an engine shutdown is effected by 


prestart! ** 

actuators throughout their operating range ^hisLf? 6 ™ e,ect romechanicaJ 

prov,d, ng . low cos , me ,hod fa, teting “ 8Si0 " relUbility by 

zz j,rr^r - r ■ — 

Monitoring System (VHMS). Safety monitoring is nerform^ r?^ to the Vehicle He&lth 

e ° r faf “ p— - *£ StZz 


Rmu/n 
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independently of the control. 

4.1. 1.6.2 Controller Hardware Approach 

Highlights of the control/health c^roU tZll 

s=a*SS^sasa^^==a 

srrescs _ 

Current plans are to 

B components. By using these without the cost penalty of Class S paying a 

reliability requirement, can be ■ g^ ’^ |M|e| contro , s are viable options "thom l pam»g a 
^ contmis be con— ^g Phase 

to improve life cycle cost. 

4 116 3 Vehicle Interlace Delation 

Independent vehicle inter^ 

Sfn't,^ 

^coCr i^Xe^ll to updated to 'meet different flight safety requuem 
Isolated interfaces between 

integrated design concept- T' J he(j , hroug h design, 

regions. Failure containment is accomp 

4 1164 Actuators/Valves 

' A „estensiuetrades,dy^^ 


naive trade study was Low coat was mnhed as 

b "'“ tny ^ v “- From this s “ dy> ths 

configurations were selected. 

4 U 64.1 Ganged Gas Generator Values I Actuation 

. . a _ f tw0 valves and an electromechanical 

actuator* foygen 5 ^“CvT 

throttling, and shutdown. ^ ^ This valve is separate from the 

S? ‘and uses the same concept - the ancillary ™lves. 
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4. 1.1. 6.4.2 Oxidizer Gas Generator Control Valve (OGCV) 

Operation 


j h ® GC y * a moduJatin g -ntroi valve that is located downstream of the oxidizer pump 
and upstream of the gas ; generator injector. Its function is to accurately control oxidizer flow into 

n pfl ETlTfi r A \ Z C ° ntr u th t tHrUSt l6Vel ° f the engine - The vaJve 3 <*edules shown 
n Figures 4.1.1.6-2 and -3 mdicate that the valve must accurately meter oxidizer flow for engine 

start, for engine transition to a second thrust level, and for engine shutdown, and therefore 

ZHt- * f T rati °’ ° r CaPabmty t0 mCter aCCUrately 0ver a range in flow 

of a rSht I TT t0 i meet these requirement3 at the 'owest cost resulted in the selection 
F^« 4 lT fi g ! t ^ trana,ati ^ sleava type valve for this application, as shown in 

rektionsh n ' ^ ^ C °. the S,eeve meter,n & P orts - the valve area versus stroke 

relationship may be customized to meet the 2.5 percent accuracy requirement at all engine 

conditions. To meet the failsafe safety requirements for benign engine shutdown and to minimize 
required actuator force, the OGCV is pressure balanced and spring loaded in the closed direction 
Thus, upon loss of actuator input force, for whatever reason, the OGCV slews to the closed 
position at a rate controlled by the valve force balance and the flow rate of oxidizer into the 
pressure balance cavity of the valve assembly. 

Fabrication 


The sleeve type OGCV design can be fabricated from standard bar stock shapes, allowing 
^ of simpla manufacturing processes and ease of fabrication over a wide supplier base. Also 
dl parWassembhes can be made identical to the FGCV with the exception of the sleeve, allowing 
low cost manufacturing due to increased lot sizes. g 

To reduce maintenance and improve reliability, ceramic materials are being investigated for 
the valve and sleeve elements. The material, Zirconia Toughened Alumina (ZTA), has been 
abncated into a sleeve and valve configuration by a valve supplier. This valve eliminates the 

th^TA 11 ^ aSSOCiat ! d WIth “ etal t0 “ etal 9liding surfaces in L0 2 and initial testing has shown 
Fmlh J erosion and wear characteristics are ten times better than conventional 440 steel. 

st<>ck must b * comp ' eted to dettrai " e this 
4.1.1. 6.4.3 Fuel Gas Generator Control Valve (FGCV) 

, m . FGGV i8 “ ° n/0ff vaJve that is ,ocated downstream of the nozzle fuel coolant exit and 
upstream of the gas generator injector. Its function is to control the flow of gaseous fuel into the 

a rrr Tl the r by C0ntr01 the generator o«dizer/fuel mixture ratio. To meet the 
engine start and throttling requirements the valve requires only one full open and one full closed 

position. Evaluation of a valve type to meet the requirements and provide maximum 

OGTvwftrth" the ,° GC A ha8 . reSUlted 10 Se,eCti ° n 0f a aleeve valve identical to th“ 
Sn C tl the exce P tl0n s eeve which is ported for much higher area versus stroke gain 
Since flow area is maximized when the sleeve ports are completely uncovered, the valve element 
may continue to translate without increasing the actual flow area of the FGCV. Thus the ganged 
valve assembly may be postitioned variably to control OGCV position, which controls thnL 
without impacting FGCV area. The FGCV is pressure balanced closed and spring loaded closed 
in a manner identical to that of the OGCV. B 
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Figure 4.1.1.6-2. Value Sequence and Thrust Buildup for Engine Start 


Fabrication 


The FGCV will be fabricated identically to the OGCV ^ will reduce production coat by 
.,,0.^ letter lot site purchases of the identical FGCV and OGCV parts 
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4.1. 1.6.4. 4 Ganged Valve Actuation 

The gae generator velvet are purged for 

turbine overtemperature events caused y mu3t prov ide accurate position scheduling, 

To satisfy the OGCV variable J dure . To meet the duty cycle requirements 

while also providing a simple prefligh generator valves have been sequenced to result in 

for both oxidizer and fuel flow, the gauge g 8 Figure 4 1.1.6-4. This sequencing is 

actnal area vereue ^ott.‘“nlnt-dlK fin. control as seated in the 

permitted by the flexibility of the sleeve contouring fe gafety feature> the actuator must 

duty cycle. To provide a benign engine s , backdrive the actuator to close both 

fail-passive such that the gas genera or va v actuation which meets these 

the OGCV and the FGCV. The lowes Since ^hytaS fluid has been eliminated from the 

“ d ,he “ !t 0 

100 


Area - % 



20 40 60 

Common Actuator Stroke - % 


FDA 366616 


Figure 4.1. 1.6-4. Schedule Retirements Feasible WUh Ganged Values 

411 6.4.5 Electromechanical Actuator Operation 

" The electromechanical actuation “ "SSS-lS 

a linear ballscrew actuator. Electrical power i Dreve nt power surges from affecting module 

magnitude of the DC bus electrical £« the engine controller 

operation. The motor controller receives ^ P feed back module. The microprocessor-based 
along with the position ^ of appropriately configured 

“rtm^r^och a. mat* or.de semico„du«or field affect Custom 
(MOSFETs). 

a fih^gear C m^*ction 
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element associated with electromechanical actuators may be eliminated. The electromechanical 
actuator linked with the gas generator valves is shown in Figure 4.1. 1.6-1. 

4.L1.6A.6 Main Oxidizer Valve (MOV) 

The MOV is an on/off valve that is located downstream of the oxidizer pump and upstream 
of the thrust chamber. Its function is to control liquid oxidizer flow to the thrust chamber and 
thereby control the engine oxidizer/fuel mixture ratio. To meet the engine start and throttling 
requirements, the valve requires only one full open area position and a fully closed position. The 
valve must provide ±10 percent trimmability at the open position for engine mixture ratio 
trimming during the engine acceptance testing. A poppett valve has been selected as the lowest 
cost valve type which will meet all requirements. As shown in Figure 4.1. 1.6-1, the poppett lends 
itself to precision trimming at the 90 percent open position, allowing accurate mixture ratio 
trimming. Since the valve has only two operating positions, full open and full closed, a 
translating helium piston actuator has been selected as the lowest cost option meeting all 
requirements. The actuator position will be controlled through a solenoid valve which is 
electrically scheduled by the engine controller. Discrete actuator position switches provide valve 
position feedback to the controller for preflight checkout as well as for in-flight operation. 

MOV Option No. 1 

To further reduce system cost and improve the reliability by removing components from the 
system, an optional propellant actuated MOV has been identified. The poppett valve may be 
pressure balanced and spring loaded such that a difference between the oxidizer pump inlet 
pressure and the pump outlet pressure serves as the actuation force on the MOV. This 
configuration restricts the MOV from easily being checked out during the preflight inspections, 
however, it reduces the potential of an uncommanded valve closure during main stage operation 
by removing the solenoid actuator and replacing it with a force balanced poppett assembly. Thus, 
the MOV will not close until the oxidizer pump pressure delta falls below 300 psid, eliminating 
the solenoid and actuator failure mode in which the pump is overpressurized as a result of MOV 
closure at main stage operation. 

MOV Option No. 2 

The MOV may also be electromechanically actuated to provide active mixture ratio trim 
during engine operation. Using the pressure balance technique, the valve loads may be reduced 
such that the electromechanical actuator used for the ganged valve assembly may also be used for 
the MOV. 

4.1.1. 6.4.7 Fuel Shutoff Valve (FSOV) 

The FSOV is an on/off valve that is located downstream of the fuel pump and upstream of 
the nozzle and chamber coolant jackets. Its function is to control the total fuel flow into the 
engine cycle. To provide maximum cost benefit, a poppett type valve identical to the MOV has 
been selected. While pressure drop and weight could be improved using a ball valve design in this 
location, these factors have been traded for the simpler, lower cost poppett which also provides 
commonality with the MOV and the cost benefits which accompany commonality in develop- 
ment, production and logistics. The actuator is identical to that of the MOV providing additional 
system commonality. The actuator position will be controlled through a solenoid valve which is 
electrically scheduled by the engine controller. Discrete actuator position switches provide valve 
position feedback to the controller for preflight checkout as well as for in-flight operation. 
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4. 1.1. 6. 4. 8 Ancillary Valves 


To provide propellant purging upon engine shutdown, tank pressurization during engine 
operation, pump interstage dam pressurization, and oxidizer gas generator valve bypass, solenoid 
actuated ancillary valves will be used. In each case the valves are low cost poppett type valves 
which require only short stroke actuation. For the propellant purge valves, a check valve is 
located between the poppett and the propellant line to help insure that the propellant is isolated 
from the helium system. These valves will incorporate commonality when possible, however, 
sizing and failsafe requirements for each valve must be defined before the degree of commonality 
can be established. Each ancillary valve will provide valve position feedback to the controller 
using dual valve open and valve close switches. 


4.1.1.6.4.9 Operation 

Valve/solenoid/ignition sequencing during prestart, start, mainstage, shutdown and post 
shutdown (in-flight) are shown in Figure 4.1. 1.6-5. 


4.1.1.6.4.10 Prelaunch Checkout 

All valves are stroked from full closed to full open to full closed. Valve slew times provide 
verification that the valves are operational. 


4.1. 1.6. 5 Pumps Cooldown 

The turbopumps are cooled to cryogenic temperatures by liquid hydrogen and liquid oxygen 
supplied through the vehicle inlet lines. Other than activating purge flows no control valve 
sequencing is required by the engine. 


4.1. 1.6.6 Start 

The engine start is a timed sequence process using a L0 2 lead for both the gas generator 
(GG) and main chamber (MC). In the L0 2 lead concept GG and MC fuel is delayed until the 
injector volumes are filled and liquid oxygen flow is established. This results in a smooth start 
and eliminates the potential temperature spikes and combustion instability associated with two 
phase LOX injector flow. 

Helium is introduced to the GG via the GG fuel injector simultaneously purging any oxygen 
from the fuel injector and providing helium spin up assist to improve start repeatability and help 
in achieving the 5 second start requirement. Figure 4.1.1.6-2 shows the valve scheduling and 
thrust building characteristic during the start. Thrust buildup rates can be tmlored to meet the 
start requirement by modifying the GG valve start schedule. A bypass valve (OGCVBP) is used 
to provide L0 2 starting flow prior to opening the GG valves. Fuel rich torches are used for 
ignition of both the gas generator and main chamber. The use of a fuel rich torch is compatible 
with safe, fast and reliable ignition when an L0 2 lead start is used. 

4. 1.1. 6.7 Main Stage 

Main stage engine operation is an open-loop process. Analysis has shown that an open-loop 
control concept can be used to meet the ± 3.0% thrust, and mixture ratio requirement at 
constant inlet pressure, once the engine is trimmed at the 712K thrust point during the 
acceptance test. Engine mixture ratio and gas generator mixture ratio are remotely trimmed 
during engine acceptance testing by trimming the full open position of the MOV and FGL 
respectively. 
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FD 364398 

Figure 4.1. 1.6-5. Valve Sequencing Accomplished With Timed Logic 
4.1. 1.6.8 Shutdown 

Shutdown is performed by scheduling the propellant valves closed. The OGCV and the 
OGCVBP are closed first to power down the turbopumps. The MOV and the FGCV are then 
closed. The FSOV, which shuts off all fuel flow to the engine, is closed last, thus completing the 
shutdown sequence. 

The gas generator and main chamber L0 2 injector purge solenoid valves are opened when 
the shutdown signal is received from the vehicle. Check valves are included to prevent backflow 
into the purge lines. When L0 2 injector pressure drops below the checked helium supply pressure 
the helium purge flow will commence. This flow purges any L0 2 trapped downstream of the 
OGCV and MOV after they are closed. 
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Predicted characteristics of an engine shutdown from 712K thrust level are shown in Figure 
4.1. 1.6-3. 

4. 1. 1.6.9 Post Shutdown 

Fuel downstream of the fuel shutoff valve (FSOV) is purged out through the main chamber 
and fuel gas generator control valve (FGCV). Fuel upstream of the fuel shutoff valve (FSOV) and 
oxygen upstream of the main oxidizer valve (MOV), oxidizer gas generator control valve (OGCV) 
and OGCV Bypass is allowed to percolate back to the propellant tanks. 

4.1. 1.7 Engine Configuration and Integration 

4.1. 1.7.1 Derivative STBE Gas Generator Engine Assembly 

The arrangement of the external configuration of the engine was based on consideration of 
accessibility for routine component inspections, removals and replacements. Figures 4. 1.1. 7-1 
and -2 show the side and top views of the engine assembly and its major components. 


Turbopumps are oriented on a vertical axis and cooldown recirculation valves have been 
eliminated, leading the way to cooldown by percolation. Engine propellant inlets accommodate 
engine gimballing through the use of scissor bellows mounted directly to the pump inlets. A 
toroidal shaped POGO accumulator has been incorporated between the L0 2 pump inlet and the 
scissors bellows. The engine thrust vectoring gimbal is incorporated into the main injector thrust 
structure The gimbal design is based on a ball and socket feature with a central through-pin 
which restrains torsional movement. A teflon impregnated fiberglass fiber woven fabric between 
the gimbal ball and main injector socket is used as a friction reduction medium to permit engine 
gimballing. Gas generator/turbine exhaust is ultimately dumped overboard through the G0 2 heat 
exchanger and nozzle. 

All pneumatic and electrical interfaces are located at the engine interface plane, similar to 
the SSME. 

4.1. 1.7. 2 Flex Joints 

The baseline ALS engine designs use four types of flexible flow ducting joints, bipod 
stabilized bellows inlet ducts, internally restrained bellows joints, externally restrained bellows 
joints, and unrestrained compression joints. 

The baseline designs which do not use boost pumps result in pump inlets located 33 and 34 
inches from the gimbal centerline. Bipod stabilized bellows inlet ducts were selected due to their 
lower cost and lighter weight when compared to SSME type wraparound articulated ducts. To 
accommodate the large axial and angular deflections resulting from the 12-degree square pattern 
gimbaling requirements, the number of bellows convolutions and convolution height were 
iterated to obtain sufficient flexibility for deflection capability while retaining adequate bellows 
axial stiffness to prevent squirm due to internal pressure. 


The resulting inlet ducts consist of two three-ply Inconel 718 10-inch long bellows with 25 
one-inch tall convolutions per duct. These ducts have been designed for a nominal gimbal 
capability of ± 6 degrees. However, analyses have been conducted to evaluate increases in gimbal 
capability up to ± 12 degrees. Stabilizing linkages separate the two bellows to prevent buckling of 
the duct assembly. Excursion limiting stops are included on the stabilizing links to prevent 
overdeflection of the bellows. Preliminary analysis indicates that at the 12-degree gimbal level, 
this configuration meets stress criteria but has little margin for bellows squirm. Future analysis is 
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I “ the — ^vels and to provide 

vibration resulting from the vortex sheddine nheno 6 ^ the potentiaJ for flow induced 

is anticipated due to the three-ply bellows construction ^ ! a **™® 1 , bellows damping effect 

however, their use is complicated bv the 1 . , " terna flow guides will be considered, 

gimbaiing. ““P"ceted by the large ag.al deflections resulting f,„ m the 12 . degIe , 
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Figure 4.LL7-1. 


STBE Derivative Gas Generator Engine Assembly - Side View 
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Figure 4. 1.1. 7-2. STBE Derivative Gas Generator Engine Assembly Top 

An additional consideration is the luge ' theTofducf clu^s Secant thrust 

u - the F " or wraparound 

articulated ducts will have to be evaluated. 

greater 1 t"d^^ ^ 
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chosen tor the inlet or intermediate pressure ducts. Three types of gimbal joints were studied for 
wTtce jo'Z 0 " Wl 3tn “ joints ’ Pinned joints, and etternal 


The internal ball strut joint, shown in Figure 4.1.1.7-3, contains a ball and socket ioint 
supported by struts in both halves of the joint which guides the joint angulation. A bellows 
encloses the entire joint assembly. The bellows must carry torsion loads which can cause bellows 
umn buckling when deflected. The main advantage of this configuration is its light weight and 

hvd u Sm “\ enVe ' OPe —urn jacketed for use h„uid 

h^gen ducts^ Its simplicity allow, it to be the most inetpensive joint while achieving a high 

hmM tl r i| y .i *° lU '° W tor,ional l0 * d “"ying capabilities, its use will ifkely be 
limited to hydrogen ducting since the higher density of methane or L0 2 may produce etcessive 

tors, one, loads on the joint unde, gdoading. This join, is alto usld I the Imseline for 
in thT to hM fl ° W d “ ting between 'P'hopump turbines to allow thermal growth 



Pivot Center 


FD 332814 

Figui-e 4.1.1. 7-3. Internal Ball Strut Ducting Gimbal 


of pmned J° mt - shown ^ Fi^re 4.1.1.7-4, uses a universal joint on the outside 

The ^ 7 . C T! t0r3i0nal l0ad3 ‘ The fl ° W bel,0WS not ^ect to torsion loads. 

^is configuration is its low pressure drop due to the lack of obstructions 

th ® ^ owpath - Thls configuration has the highest torsional loading capability of the three 
candidates making it the choice for ducting the higher density fluidsVe joJis 
heavier than the internal ball strut joint and displays similar reliability levels. 
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Figure 4. 1.1. 7-4. Externally Pinned Ducting Gimbal 


The external tail race, shown in Figure 4.1.1.7-5 > ^“.^tari^ 

joint to a spherical shell and the ° « ^ friction and Me pressure-tasded 

?r Sttar ^t^rrSl^es tojnal loads in this design it ^so has Hnxited 
torsional capability. 



Figure 4. 1.1. 7-5. External Ball Race Ducting Gimbal 
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Both of the baseline joints are capable of ± 15 degrees of angulation which should be 
adequate to allow 12-degree engine gimbaling in wraparound duct configurations. Internal flow 
liners will maintain acceptable flow characteristics and minimize flow induced bellows vibration. 

Unrestrained bellows joints are used in the low pressure turbine exhaust to allow thermal 
expansion of the ducts. Due to the low pressures, the axial loads transmitted into the mating duct 
and manifold are low enough to not require a restrained bellows. Care must be taken in designing 
these ducts to ensure efficient load transfer from the bellows into the surrounding hardware. If 
the operational deflections of the engine components are large enough, these ducts may be 
installed in an opposite deflection (loaded) position to allow the duct to move toward a neutral 
and lower stress position during operation. 

4.1. 1.7.3 GO 2 Heat Exchanger 

The STBE G0 2 heat exchanger, which is common with the STME G0 2 HEX, has been 
designed to provide gaseous oxygen to the oxygen tank for tank pressurization. The G0 2 heat 
exchanger uses the gas generator exhaust duct flow as the heat source to vaporize the liquid 
oxygen as shown in Figure 4.1.1.2-1. The heat exchanger surface is provided by three Haynes 214 
stainless steel tubes wrapped in parallel around the gas generator exhaust duct. The gas 
generator exhaust duct wall is made of beryllium copper with trip-strip roughened walls to 
enhance the heat transfer. The tubes are packed in powdered copper to structurally isolate the 
tubes from the duct wall, while providing a good heat transfer medium. This heat exchanger 
design eliminates the possibility of accidental mixing of the oxygen and gas generator exhaust 
flow, thereby eliminating a category 1 failure mode. 

The G0 2 heat exchanger will require three %-inch diameter tubes 50-feet long, wrapped 
around the 12-inch duct. The tubes have 0.015-inch thick walls and are separated from one 
another by 0.055 inch, requiring a total duct length of 1,5 feet. Figure 4.1. 1.7-6 diagrammatically 
presents the G0 2 heat exchanger geometry. The G0 2 heat exchanger has been thermally analyzed 
for the STBE engine operating point of 100 percent thrust. The oxygen flow rate is predicted to 
be 5.0 lbm/sec. The heat exchanger has been designed to supply 850 R oxygen to the tank. 

Figure 4.1. 1.7-6 also summarizes the predicted heat exchanger performance. 

4. 1.1. 7. 4 Reliability and Maintainability 
4.1.L 7.4.1 Reliability 

This section provides a complete preliminary Failure Modes and Effects Analysis (FMEA) 
for the Space Transportation Booster Engine (STBE) Gas Generator Cycle. The section includes 
the definitions and details used to perform the analysis. 

Introduction 

Failure Mode and Effects Analysis (FMEA) for the STBE Gas Generator Cycle Engine has 
been prepared to identify those items that are essential to engine operation. Engine components 
were analyzed to identify potential failure modes, determine their effects on engine operation, 
and rank the effects according to Condition Classification. The complete FMEA’s are presented 
in Figure 4.1. 1.7-7 and Table 4.1.1. 7-1. 
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Figure 4.LL7-6. STBE Derivative Gas Generator G0 2 HEX Geometry and Performance 
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FOA 366113 


Figure 4.1.1. 7-7. Preliminary FMEA — Major Engine Sections (Sheet 1 of 4) 


61 


RlMl/M 










Pratt & Whitney 

FR-19691-4 
Volume II 



FDA 354842 


Figure 4.1.1. 7-7. Preliminary FMEA - Gas Generator and Fuel Systems ( Sheet 2 of 4) 
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Figure 4.1. 1.7-7. Preliminary FMEA — Oxidizer System ( Sheet 3 of 4) 
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6.0 

Engine Condition 
Monitoring System (ECMS) 


7.0 

Helium System 


7.1 

Helium Spin Assist 


7.2 

Control Valves 


FDA 354844 


Figure 4.1. 1.7-7. 


Preliminary FMEA — Main Thrust, Control, Engine Condition 
Monitoring, and Helium Systems (Sheet 4 of 4) 
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Table 4.1. 1.7-1- Failure Mode and Effects Analysis (Continued) 
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Table 4.1. 1.7-1. Failure Mode and Effects Analysis (Continued) 
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Table 4. 1.1. 7-1. Failure Mode and Effects Analysis (Continued) 
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Results 

This section is intentionally left blank at this time. It will be developed as the analysis 
proceeds. 

Conclusions 

This section is intentionally left blank at this time. It will be developed as the analysis 
proceeds. 

Applicable Documents 

NHB 5300.4(1D.2) Safety, Reliability and Quality Provisions for SSME Programs 
Procedure 

This report was prepared in accordance with STBE Reliability requirements. 

Ground Rules and Assumptions 

The following ground rules and assumptions were used in the preparation of the FMEA. 
Level of Analysis 

a. The analysis is conducted at the component and major subassembly level. In 
subsequent updates, the FMEA will contain both a hardware and a 
functional analysis. To show the distinction, the index numbers have been 
modified to differentiate between functional and hardware type of analysis. 

b. Condition category I and II items will be analyzed to the level necessary to 
verify that adequate controls are in place. 

c. External fire, explosion, or case penetration that could endanger the 
remaining engines are classified as Condition Classification I. 

& The worst case effect of leakage is fire/explosion. In this analysis, leakage 
will be classified as Condition I. 

e. The analysis was conducted considering the engine operation at normal 
power. Subsequent updates will consider the mission phases in the following 
paragraph. 

f. The helium solenoids, valve actuators, sensors, and monitoring devices have 
not been analyzed. Analysis of these items will be provided in subsequent 
updates. 
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Mission Phases 


The engine will be analyzed for potential failure modes of a single flight 
following mission phases: B 


in each of the 


Event 


Phase 


Pre-start 
Start Command 
Normal Power 
Max Thrust 
Cutoff Command 
Dump 


Pre-ignition 
Engine Start 
Main Stage Operation 
Main Stage (Lift Off) 
Shutdown 
After Shutdown 


Abbreviation 

P 

S 

N 

M 

C 

D 


Failure Modes 


a. 


Failure modes will be identified for each level or output applicable to 
operational phase being considered 


b. The analysis will consider only one failure mode occurring at any given time 
and will be the basis for establishing Condition Classification. 


c. Leakage at all mechanical joints shall be analyzed. 

d. Welded or brazed joints shall be analyzed for structural failure. 

e. Failure mode causes shall be identified for all Condition Classifications I II 

and III. ’ ’ 


Reaction Time 


The analysis will determine the time for the failure effect 
units of time as indicated below: 


to occur, and it is specified in 


Definition Abbreviation 


Immediate — Less than a second IMM 

Seconds — 1 to 60 seconds SEC 

Minutes — 60 seconds to 60 minutes MIN 

Hours — 60 minutes to 24 hours HRS 

Days — 24 hours to mission completion DYS 


If a failure detection method is available, it is specified with time to safely correct the 
prMem. If a detection system is available, but would not safely correct the problem, this is also 


Failure Effects 


a. Failure effects will be analyzed for each identified failure mode. Where a 
piece part failure can cause a failure of another part, the Condition 
Classification will be based on the likely effect of the resultant or combined 


b. Condition designation should reflect “the most likely” potential effect of the 
failure mode in either countdown or flight. This includes possible cata- 


< 2 -&* 
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atrophic effects, such a. fire/explosion, as well . "XTS" 

isnitbn sXXTbe l“.ed Mure 

Leakage of hot gas is classified Condition I. 


Structural Failure Modes 

Structures are excluded from the FMEA, with the exemptions listed below, 
a 


Pressure vessels, component housings, ducts, fluid lines, sliding j° ints > 
e,Z£n “int*: bolts attach fittings, or load carrying members such as 

rods will be analyzed for structural failures. 

b. Structural failures of piece parts shall be considered valid failure causes for 
component failure mode analysis. 

Items which have a single mechanical barrier between oxidizer and 
fuel /combustible gas. 

Item, that are known re develop “acceptable defects" fthi" th e ir flow ed 
time for usage, shall be analyzed for worst case of defect propagatio . 


c. 


e. 

f. 


Aerodynamically sensitive items. 


Items having internal cavities which can induce an internal overpressure 
from migrating fluid because of leak from inside or outside. 

e Leakage at all joints that are formed by weld or braze shall be analyzed to 
*■ STtfSS of a leak impinging on other components or flammable 

surfaces. 

h. Welds or braze joints that cannot be inspected will be analyzed for leakage 
onH fnr structural failure effects. 


Criticality Category 


The criticality category for each failure mode will be 
follows: 


assessed for its effect on mission as 


Condition Mission Effect 

I A potential failure mode resulting in fire/explosion 

or other hazardous condition that could impact 
the surrounding area. 


A potential failure mode that could result in an 
unscheduled safe engine shutdown. 

A potential failure mode that could result in the 
engine safely operating outside of required param- 
eters. 


4.1.1.7.4.2 Maintainability 


Preliminary maintainability design criteria 
design engineers in a memorandum. The design 


for the STBE has been defined and provided to 
criteria was derived from the statement of work 
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^n^truirtr p“ d t™"“ g,ined fr ° m Mh “ ^ 

Turbopump Development (ATD) programs and inf * r* r & w hitney RL10 and Alternate 
to the SSME, FI, J2, HI, RS-27, Tbor “d it? ,7'”“ NASA reiwr,s 

maintainability design criteria as additional requiremeT“ S 'iS f ?d '* ^ *° the 

ALS haS T"** ta «*-— ».th the 

maintenance concept will provide ^ nLC Tin t STBE o' the 

components that am either line replaceableTnS <L^,Z" l “!!^ro th °" propulsio " >»■ 
LRU'S and modules and pre|i„,j P The definition and lists of 

reports, P ““"tenance concept, will be provided in subsequent 

4. LI. 7.4.3 Sys tem Safety 

Analyses ofthe ga^generatorTn^ne^s^^ems a^the^m^ 8 * deve,oped Fault Tree 

high-level models to study the overall systemic eff- components - These Fault Trees are 

mechanical malfunction”. Detailed fault trees J genenc” events such as “harbopump 

f '“ture" • turbopump will be developed ZhrPh?se7st,h S I Ch “ 

The identifhsd'evenm ZdtSh^ct It the mZ T* ca,as,rpphi ' results, 

requirements which would eliminate or reduce the th6n analy2ed to determine safety 

effect. These requirements hZten “ d/ ° r Sevarit ’' ° f ,ha --desired 

inclusion as e„*„e system design •* 

*a, -ulmttZ^oflht^ ** catastrophic engine even, ( o„e 

the lowest possible level. This will be accomplished h * death .'”' aenoua In i“ry of a person) to 
diagnostic elements which detect potentials hazard. y ““"J ^ flUlt *'*“ tp ide ntily those 
shutdown before the event becom^ ^clstLhT^” “ affact “ e-gine 

within the malfunctioning engine thus avoilg poro!^' ? ? ^Zt^ 

4.1. 1.7. 5 Engine Performance 
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accepted JANNAF methZ>toI*VacuuI sS&r*''? P " f< ’ rm * nce was determined using the 
main chamber nozzle and the GG noTe Z Sl'ZZ >*««F for both the 

weighing the main chamber flow by “““ 

:z ^ “ d gg • —«z sets 

perforaance 1^,:^^'^^:™*' » p ^“ »»P»"ent 

model of the compl.ro engine A^TfC JTT*^ ‘ nt ° * St “ dy P”-» Wane, 

h.y o r ti„g p „amerors^rod ^ ^ 

p^“ C ° mPOne,,tS a " d * h6ir “ paratip « environmente for the ^“Ten^?^ 
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Table 4.1. 1.7-2. 


STBE Derivative Gas Generator Engine Performance 

Level 


— Design Power 



pressure — P 3 ‘ a 
Mixture Ratio 
Nozzle Area Ratio 
Flow Rate - lb/sec 
Vacuum Thrust — tb 


679922 


31901 






Vacuum Thrust lb 
Vacuum Del. 1^, 3ec 

S.L. Thrust — lb 
S.L. 21 560 


Overall Engine 
711,823 

328.4 

644,898 

297.5 

— R19691/47 


411 .7.6 Engine Costs 

, .U QT thrust, 2250 psia chamber 

This section summarizes cost estimates for he ll7 . 4 summarl zes significant costs for 
pressure. Derivative STBE Gas Generator cycle. Table 4.1. 

the engine. 

The DDT&E Cost include* i all in the ALS engine WBS (see 

evaluate the engine system. All of ® Coat . g ba3ed on a 90-month phase C/D program 

Volume III) have been ^ cl u^i Develop C^ ^ Derivative STBE . Sufficient accountable 

with 960 engine firingsfor Jmonstrate 0.99 engine reliability with one failure, 

firings have been included in the program to ae 

TT .. rTKin d reduction cost includes all the recurring 
The engine Theoretical First Unit : ( ALg engine WBS. It includes manufactur- 

operational production cost elements speci i System Engineering and Integration, 

ng and acceptance of the 15 

Kirr- k -- — 

The Operations Cost per iaonch per en^ne 
operational flight program as “ ;h ' F . C ,,,L Maintenance, Operation and 

Management, System Engineer, ng . flight t ate ot 10 missions per year and 

nc“^jrharrr^ b Xr « - — - w Ao»n. 

Table 4.1.1.7-5 shows program costs, based on * ^ L^Srtrf'tor the STME/Derivative 
STBEs and 175 STMEs. This is the nominal P'M” reccing and non-recurring costs. The 
S STBE program. The .^^^"^a^odU seven reuses Derivative 

STOrofrCmr It^e and three reusable STMEs on the com stage. 
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Table 4. 1.1 .7-3 


STB E Demotin' Gas Generator Engine Performance 
’ Level 


— Design Power 


PRATT i HIIITUt-Y 

cas generator cycle orr-ofiiGN deck 
STUC ENGINE STUDY 


ENGINE WRfORNJNCE^ 

V «*•.***«******** **’ , ** , “' 711823. 

VACUUM THRUST 644898. 

SEA LEVEL THRUST 328.35 

VACUUM IMPULSE 297.48 

SEA LEVEL IMPULSE 2176.6 

ssj^ssr*. 



PRESSURE 6601.7 

TEMPERATURE 679922. 

THRUST 5*2.90 

IMPULSE 1982-9 

FLOW RATE 162.71 

THROAT area 28. 

nozzle area ratio j.*a 

MIXTURE RATIO 0.965 

NOZZLE EFFICIENCY 0.980 

CSTAR EFFICIENCY 


heat transfer 


CHAMBER COOLANT OP 
chamber coolant ot 
chahser Q 
nozzle coolant op 
nozzle coolant dt 
nozzle q 


1806 . 

177. 

66563. 

534. 

333. 

41724. 


GAS GENERATOR PLRfOPMANCE 


^fr*.**************’" 

PRESSURE 

temperature 

THRUST 

IMPULSE 

FLOW RATE 

MIXTURE ratio 

nozzle efficiency 

nozzle gas const amt 

nozzle gamma 

nozzle AREA 


1687.5 
1800 . 0 
31901- 
172-^4 
185.0 
0.301 
0.970 
97.2 
1.177 
88.7 


STATION 

* , ************** 
MAIN PUMP INLET 
1ST STAGE EXIT 

main pump exit 

FSOV INLET 
FSOV EXIT 
CHAM/COOL INLET 
CHAM/COOL EXIT 
C H INJ INLET 
NOZ/COOL INLET 
NOZ/COOL EXIT 

tamc press OUT 
TANK PRESS in 
FGCV INLET 
FGCV EXIT 
GG INJ INLET 


STATION 

ihhh hhhhhhhijhhhh 
main PUMP INLET 
main PUMP EXIT 
GOX HEX IN 
TAL* PRESS IN 
MOV INLET 
MOV EXIT 
CH INJ INLET 
OGCV INLET 
OGCV EXIT 
GG INJ INLET 


engine s^o^omoNS^ 

• FUEL SYSTEM CONDITIONS * 
PRESS 

_ _ ini n boo. J 


47.0 

232S:l 

4621-3 

4506.9 

4451.2 
4369.8 
2563.5 

2542.0 

4024.2 
3490.4 
3249.7 

47.0 

3249.7 

2385.1 

2276.1 


201.0 

216.0 

230.3 
231.0 

231.3 

231.8 

408.8 

408.6 

233.8 

566.7 
563.0 

421.4 
563.0 

545.3 

542.4 


588-3 

588.3 

588.3 

588.3 

588.3 

442.2 

442.2 

442.2 

146.0 

146.0 

3.8 

3.8 

142.3 

142.3 

142.3 


123.1 
145.4 
167-2 

167.2 
167.2 
167.2 
317.8 
317.8 
167.2 
453.0 
453.0 
453.0 
453.0 
453.0 
453-0 


» oxidizer system conditions . emthalpy 

PRESS TEMP 

>*********^**~*** 4i.* 

_ _ A LM. A l58o.5 


47.0 

3338.3 
3228.9 

47.0 

3228.9 

2647.4 

2552.5 
2880-3 
2668.2 
2434-7 


164.0 
178.8 
179.3 

720.0 
179.3 

181.7 

182.0 

180.7 
181.6 
182.5 


1588.3 

1588.3 

5-0 

5.0 

1540.6 

1540.6 

1540.6 

42.7 

42.7 

42.7 


IjL* livi - 1 

, GAS GEN SYSTEM CCNOITIONS - 
PRESS temp tec* 

station 

FUEL TURB INLET ISTZ ■ 1(>5S S 185. 0 

FUEL TURB EXIT * ■ lb <, S .c, 185.0 

LOX TURB INLET 1S 50.I 185.0 

LOX TURB EXIT 289.1 

N07ZLE INLET PRES Z zl - fc 


DENSITY 
t ******* 
26.40 
26.55 

26.74 
26.68 
26.64 
26,60 
15.79 

15. 75 
26.40 
10.42 

9.93 

0.17 

9.93 

7.91 

7.63 


density 
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Table 4 . 1 * 1 , 7 - 3 . STBE Derivative Gas Generator Engine Performance 

Level (Continued) 


Design Power 


k <• w « « • * • 4 ff M ft * k K PACF Z 

PRAM i KHITNEY * 

f-AS GIN: RAT OR CYCI E OM -DESIGN DCCK * 

STBE ENGINE STUDY * 


TURBOMACHINLRY PERFORMANCE DATA 

KMkkkkMtkkkkkRXMlklkklOIKDMIlkXXV 


» FUEL TURBINE * * FUEL PUMP * 

«-»«»*«***» «#*****.**#*## 



STAGE ONE 

STAGE TWO 

STAGE ONE 

STAGE TWO 


k -n * k. m * 4 «* 

*#**-***-*"* 

## * k * ** *-# 

»*****#*# 

EFFICIENCY (T/T) 

0. 774 

0 . 759 

EFFICIENCY 

0. 713 

0.729 

HORSEPOWER 

19000. 

17763 

HORSEPOWER 

18570. 

18192. 

SPEED (RPM) 

10673. 

106 73 

SPEED (RPM) 

106 73. 

10673. 

S SPEED 

35. 2 

44.3 

NPSH l FT ) 

177.7 

12461.5 

S DIAMETER 

1.84 

1.54 

SS SPEED 

27007. 

1130. 

MEAN OIAMETER (INI 19.12 

19.10 

S SPEED 

910. 

905. 

VEL. RATIO (ACTUAL) 0.47 

0.48 

HEAD (FT) 

12373. 

12405. 

MAX TIP SPEED 

918. 

941. 

DIAMETER (IN) 

18.28 

18.28 

BLADE HEIGHT 

0.58 

1.10 

TIP SPEED (FT/SEC) 852. 

8 S 2 . 

AN SQUARED 

39. 7 

75.2 

VOL FLOW 

10002 . 

9945. 

EFFECTIVE AREA 

14.07 

21.17 

HEAD COEF 

0 . S3 96 

0.5410 

PRES. RATIO 1 T/T ) 

1.54 

1.54 

FLOW COEF 

0.0728 

0.0724 

GAS CONSTANT (FT) 

97. 20 




GAMMA 

1.1626 




IHHHHHHHHHHHHH 

H* 


MOdlitJCICmnfXK 


* LOX TURBINE 

* 


» LOX 

PUMP * 


JHf MHHHHHHt »♦-»«-« 




STAGE ONE 

STAGE TWO 




IHHHHHHHK 



EFFICIENCY (T/T) 

0.774 

0.699 

EFFICIENCY 

0.756 


HORSEPOWER 

12630. 

12637. 

HORSEPOWER 

25267. 


SPEED (RPM) 

7601. 

7601. 

SPEED (RPM) 

7601. 


S SPEED 

50.9 

55.4 

NPSH (FT) 

62.4 


S OIAMETER 

1.16 

1.06 

SS SPEED 

J70S2. 


MEAN DIAMETER (IN) 

18.90 

18^77 

S SPEED 

1037. 


VEL. RATIO (ACTUAL) 

0.40 

0.40 

HEAO (FT) 

6618. 


MAX TIP SPEED 

680. 

715. 

OIAMETER (IN) 

18.91 


BLAOE HEIGHT 

1.60 

2.77 

TIP SPEED (FT/SEC) 628. 


AN SQUARED 

54.9 

94.4 

VOL FLOW 

10017. 


EFFECTIVE AREA 

38.67 

50.39 

HEAD COEF 

0.5406 


PRES. RATIO (T/T) 

*-.36 

r.^3. 

FLOW COEF 

0.0821 


GAS CONSTANT (FT) 

97 

.05 




GAJtiA 

1.1697 





» VALVE 

DATA * 




STATION 

OELP 

AREA 

FLOW ZDELP/P 



* MM Kir KHHHHHHt'IHmOtHHHHHHHHt HKWHtWt ********* 



FUEL SHUT OFF VLV 

55. 7 

22.83 

588.3 1.24 



FUEL GG VALVE 

864.5 

2.803 

142.3 26.60 



MAIN OXID VALVE 

581.6 

11.30 

1540.6 18.01 



LOX GG VALVE 

212.0 

0.521 

42.7 7.36 




* INJECTOR DATA * 




STATION 

DC LP 

AREA 

FLOW ZDELP/P 



»«•»««« * *»***« 



FUEL GG INJ 

588. 6 

3.960 

142.3 25.86 



FUEL CH INJ 

292.0 

13. 19 

442.2 11.49 



IOX GG INJ 

74 7.2 

0.279 

42.7 30.69 



LOX CH INJ 

302.5 

IS. 78 

1540. 6 11.85 
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Table 4.1.1. 7-4. Derivative STBE Gas Generator Costs 

Total Development Coat (DDT&E), M$658* 

Production Cost (TFU) f M$10.3 
Operations Cost/Launch/Engine, MS0.142* 

Constant FY87$ 

•Applies to Derivative STBE, an additional 
M$I183 Development Program is estimated for 
the STME. 

••Based on the 100th mission, 10 missions per 

year, and seven boosters. 

“ ” R19691/47 

Table 4.1. 1.7-5. Total Program Cost for Combined STME /Derivative STBE Program 


DDT&E, MS1841 
Operational Production, M$3593 
Operations, MS480 

Product Improvement and Support Program, M$739 
Total Program Cost, M$6653 

Constant FY87$, Nominal Flight Schedule 

" R1 969 1/47 


4. 1.1. 7. 7 Engine /Vehicle Interface Requirements 

All engine physical interfaces meet ALS ICD specifications. The fuel and oxidizer inlet 
ducts are configured on a 180-degree spacing and are 34 and 33 inches from the gimbal centerline 
respectively. The engine assembly could be converted to a 90-degree pump inlet spacing if a 
benefit to the vehicle is found to exist. A review of the vehicle contractors current vehicle cluster 
configurations indicates better access to the turbopumps when installed on the vehicle. As i the 
engine maintenance concept evolves, module and LRU location of the engine assembly will be 
reviewed. Currently, hydrodynamic design has assumed that the inlet ducts are free of bends and 
are the same diameter as the pump inlet for at least five pipe diameters upstream of the inducer. - 
As vehicle configurations stabilize, the sensitivity of the pump designs to inlet flow perturbations 
will be more fully addressed. 

In addition to the propellant inlets, four additional fluid interfaces exist on the baseline 
engines: the two propellant tank pressurization flows, a nitrogen and a helium supply for engine 
purges. SSME interface locations were used for these fluid interfaces on current baseline ALS 
engine designs. Significant flexibility in the location of these lines exists to respond to vehicle 

requirements. 

Nitrogen is required only during ground purges. Helium is required for the engine start 
system and for inflight purges and post shutdown purges. For those engine recovery concepts 
which involve sea recovery, an additional purge of the turbopump turbine cavities and bearing 
compartments prior to water impact through shipboard recovery is required to prevent corrosive 
sea air from being drawn into the turbopumps as the hot turbine structures cool. Vehicle 
considerations will likely guide the decision to use either nitrogen or helium for this purge. 
Additional refinement and quantification of the turbopump cavity volumes are required to 
quantify the flowrate requirements for all purges. 

The proposed method of supplying vehicle electrical power is a vehicle mounted generator 
coupled to an auxiliary turbine driven by the fuel tank pressurization flow. Pressure drop across 
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PRELIMINARY 

INTERFACE CONTROL DOCUMENT 
FOR THE 

SPACE TRANSPORTATION BOOSTER ENGINE 


1.0 INTRODUCTION 

1.1 SCOPE 


The purpose of this Interface Control Document (ICD) is to define t-h* r • 

- - — — it'Ste 


1.2 ENGINE DEFINITION 


o. yf »rL S o™ 2 tIT? biP T 1 '“ t ,0Ctet en8ine li<luid meth “' “ “ and liquid 

-- =rrr sz. stz =k 


PRECEDi,- 


F>A~ 


• > < 




95 


Rian i/a 



Pratt & Whitney 

FR- 19691*4 
Volume II 


2.0 ABBREVIATIONS 

AND SYMBOLS 

AMP 

Amperes 

Deg 

Degrees of angle or of temperature 


Degrees Fahrenheit 

r 

FT 

gch 4 

gn 2 

G0 2 or GOX 

Feet 

Gaseous methane 
Gaseous nitrogen 

Gaseous oxygen 

He 

Helium 

Hour 

HR 

Hertz 

Hz 

Up 

lb or lbs 

lch 4 

Specific impulse 

pound(s) 

Liquid methane 

Liquid oxygen 

LO 2 

LRU 

Line replaceable unit 

Max 

• Maximum 

Minimum or minute 

Min 

MS 

Millisecond 

NPL 

NPSP 

Normal power level 

Net positive suction pressure 

O/F 

Oxidizer to fuel ratio 

Pounds per square inch, absolute 

Psia 

Psig 

Pound per square inch, gage 

°R 

Degrees Rankine 

SL 

Sea level 
Seconds 

Sec 

STBE 

Space Transportation Booster Engine 

TBD 

TVC 

To be determined 
Thrust Vector Control 

Vac 

Vacuum 


3.0 DOCUMENTS 

3.1 DRAWINGS 

The layout to, the Space Tranepoetatloo Booster En*ne (STBE) i. ahowu in Fipu. F-3.1 
Detailed drawings of interface connections are TBD. 
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FD 366116 

Figure F-3.1. STBE Layout Drawing (Sheet 1 of 3) 
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FO 366118 

Figure F-3-la. STBE Layout Drawing (Sheet 2 of 3) 
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Figun F-3.1b. STBE Layout Drawing ( Sheet 3 of 3) 
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3.2 APPLICABLE SPECIFICATIONS AND STANDARDS 


D ocument 

MIL-P-25508E-3 

MIL-P-27407A 

MIL-P-27401C 


Subject 

Propellant, Oaygen - Type II, Grade A or 
Equivalent* 

Helium, Type I, Grade A (Gaseous) or Equivalent. 
Nitrogen, Propellant Pressurizing Agent. 


Propellant, Methane* 

Tdl) 

MIL.STO-704 Electric Po»er, Aircraft- 

4 0 MASS CHARACTERISTICS 
4.1 ENGINE WEIGHT 

The estimated dry and wet weight. of the Space Tmnsportation Booster Engrne (STBE. 
are provided in Table T-4.1. 

TMe T-4.1. Estimated STBE Engine and Propellant Weights 


Basic Dry 
Weight (lb) 


Propellant 
Weight fib) 


Total Wet 
Weight (lb) 


ftf>9 


Thrust vector control actuators are 


not included in engine weights. 


4 2 CENTER OF GRAVITY 

' The engine center of gravity i. at *. engine P— * ^ ^ 

engine coordinate system is defined in Figure 




Coordinate Axis 

Distance (inj 

X 

TBD 

Y 

TBD 

Z 

TBD 

’RiaSi/Si 


4.3 GIMBAL MOMENTS OF INERTIA 

TBD 
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Oxidizer Inlet 

-23.3 

-23.3 

0 

Methane Inlet 

24.0 

24.0 

0 

TVC Attach Point 1 

0 

25 

-46 

TVC Attach Point 2 

-25 

0 

-46 


FDA 366132 

Figure F-5.1. Position of Propellant Inlet Ducts and Thrust Vector Control Attach Points 
Relative to Engine Coordinate Axis 

5.0 ENGINE-TO-VEHICLE INTERFACES 

5.1 ENGINE ENVELOPE AND SPACING REQUIREMENTS 

5.1.1 Engine Static Envelope 

Maximum overall dimensions for the Space Transportation Booster Engine (STBE) static 
envelope are as follows: 

Max Diameter, in. — 91, 107 

Max Length, in. — 99 

These dimensions are indicated on Figure F-3.1. 

5.1.2 Engine Dynamic Envelope 

Maximum dimensions for engine dynamic envelope are shown on Figure TBD. This 
envelope represents volume required for an engine at maximum gimbal angle. 

5.1.3 Engine-to-Engine Centerline Spacing 

Required centerline spacing between engines is shown in Figure TBD. This spacing 
represents the distance between engines required for engine installation or removal, component 
removal and replacement, engine checkout and maintenance, and for clearance at maximum 
gimbal angle. 
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5.2 ENGINE-TO-VEHICLE PHYSICAL INTERFACES 

The index of physical interfaces is shown in Table TBD. The interface configuration and 
location of these mechanical, fluid, and electrical connections is shown on Figure TBD, and 
discussed in subsequent paragraphs. 

5.2.1 Gimbal Mount and Actuator Attach 

The gimbal mount is the primary engine attachment to the vehicle and provides capability 
to gimbal the engine through the two actuator attach points on the engine, located 90 degrees 
apart. The gimbal actuator attachment positions are shown in Figure F-5,1. 

5.2.2 Engine-to-Vehicle Alignment 

The engine centerline shall be within TBD minutes of arc to the vehicle reference 
centerline and within TBD inches (radial) of the vehicle reference centerline. 

5.2.3 Gimbal Mount friction 

The torque to overcome the static friction resistance of the gimbal bearing shall not exceed 
TBD in.-lb in a non-firing condition or TBD in. -lb in a firing condition. 

5.3 FLUIDS INTERFACE 

The location, quantity, and physical characteristics of fluid interface connections are 
specified on Figure TBD. Connections shall be capable of being connected or disconnected for 
purposes of engine replacement, LRU replacement, and engine checkout and maintenance. 
Operational characteristics and requirements, such as flowrates, flow times, cleanliness levels, 
are specified in section 6.0 of this document. 

5.3.1 Propellant Inlets 

The positions of the engine propellant inlets relative to the engine coordinate system is 
shown in Figure F-5.1. Inlet line diameters are shown in Table T-5.3. Propellant inlet lines are to 
have a minimum of TBD inches of straight duct upstream of the engine interface. Details of inlet 
duct interface flanges are TBD. Flexible joints in interface lines will be engine supplied. 

Table T-5.3. Propellant Inlet Line Diameters 


Dig (in.) 

Methane 11.6 

Oxygen 12.2 

5.4 ELECTRICAL INTERFACE 

The location, quantity, and physical characteristics of electrical interface connections are 
specified on drawing TBD. Connections shall be capable of being connected or disconnected for 
purposes of engine replacement, LRU replacement, and engine checkout and maintenance. 
Operational characteristics and requirements are specified in section 6.0 of this document. 

5.5 DATA AND COMMAND INTERFACE 

The location, quantity, and physical characteristics of data and command interface 
connections are specified on drawing TBD. Connections shall be capable of being connected or 
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disconnected for purposes of engine replacement, LRU replacement, and engine checkout and 
maintenance. Operational characteristics and requirements are specified in section 6.0 of this 
• document. 

6-0 OPERATIONAL CHARACTERISTICS AND REQUIREMENTS 

6.1 DESCRIPTION 

The Space Transportation Booster Engine (STBE) employs a bipropellant gas generator 
cycle using liquid methane as fuel and liquid oxygen as oxidizer. Figure F-6.1 shows a propellant 
flow diagram of the STBE. Two high-pressure turbopump units are employed and driven by the 
one gas generator. The methane pump consists of two stages while the L0 2 pump is a single-stage 
unit. LCH 4 is used to cool the main chamber and the tubular nozzle. 

6.2 PRELAUNCH 

The engine shall be able to achieve sufficient cooldown within TBD minutes from the time 
propellants are supplied to the engine. Maximum cooldown flows are TBD. The engine control 
shall provide an engine ready signal to the vehicle prior to start. 

6.3 STARTING 

The STBE shall have a self-contained control system to regulate the startup sequence. 

Time from start signal to NPL shall be less than five seconds, with a maximum thrust buildup 
rate TBD. 

6.3.1 Engine Electrical Start Sequence Requirements 
TBD 

6.3.2 Engine Start Transient Characteristics 

TBD 

6.4 STEADY STATE 

The STBE shall be designed to operate at a normal power level (NPL) of 644,898-pound sea 
level thrust. Table T-6.4.A shows performance parameters at NPL. Table T-6.4.B summarizes 
some of the major parameters from the previous table for quick reference. 

6.4.1 Steady-State Performance Limits 

Performance shall be delivered within the following limits: 

Thrust, Sea Level — 644.9K at NPL ± 3% 

Inlet Mixture Ratio — 2.7 at NPL ± 2 % 
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6.4.2 Uncoupled Thrust 

The engine-produced uncoupled oscillatory thrust shall be within the following limits: 


Frequency (Hz) 

0 — 0.5 
0.5 — 1.5 
1.5 — 25 
26 — 100 


Thrust Limits (U>) 

± 6000 
± 1500 
± 450 

± 1500 


Post-transient oscillations of main chamber pressure shall be within ±5 percent of mean 
steady state with damp time less than 150 ms. 


6.4.3 Bum Duration 


Maximum burn duration shall be 160 seconds at NPL. 


6.5 ENGINE SHUTDOWN 

6.5.1 Shutdown Sequence 

The engine shall be designed to shutdown from any power level safely. The maximum 
shutdown time from NPL to zero is TBD. 

6.5.2 Shutdown Transient Characteristics 

The maximum thrust decay rate shall not exceed TBD-pound thrust change in TBD ms. 
Shutdown impulse is TBD. 

6.6 FLUID REQUIREMENTS 


6.6.1 Fuel 

Liquid methane is to be provided in accordance with TBD. However, an example of the 
typical composition of propellant grade methane is shown in Table ^6.6.A_ Fueis ^e to be 
supplied at the flowrate, minimum pressure, and temperature outlined in Table T-6.6.B. 

Fuel inlet temperature limits, pressure limits, and min NPSP limits for steady state and 
starting are shown by the box in Figure TBD. 


6.6.2 Oxidizer 

Liquid oxygen is to be supplied in accordance with specification MIL-P-25508E-3 and at 
the flow rate, pressure, and temperature outlined in Table T-6.6.C. 

Oxidizer inlet temperature limits, pressure limits, and minimum NPSP limits for starting 
and steady state are shown in Figure TBD. 
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* PRATT l Hill THEY 

" AS GtNtRsro « CYCLE Orr-DESICN OFCK * 
ENGINE STUOY * 


ENGINE PERT ORMANCf 

«»#*«*##*,* * ******* *«*»**« *«** 

VACUUM THRUST 

SEA LEVEL THRUST 

VACUUM IMPULSE 

SEA LEVEL IMPULSE 

TOTAL ENGINE INLET FLOW RATE 

OVERALL ENGINE MIXTURE RATIO 


ma?3. 
644898 . 
3?8.35 
297.48 
2176.6 
2.70 


CHAMBER PERFORMANCE 


PRESSURE 
TEMPERATURE 
THRUST 
IMPULSE 
FLOW RATE 
THROAT AREA 
NOZZLE AREA RATIO 
MIXTURE RATIO 
NOZZLE EFFICIENCY 
CSTAR EFFICIENCY 


2250.0 
6601. 7 
679922. 
342. 90 
1982.9 
162. 71 
28. 
3.46 
0.965 
0. 980 


Engine heat transfer 


chamber coolant op 

1806. 

CHAMBER COOLANT OT 

chamber q 

177. 

NOZZLE COOLANT OP 

66563. 

NOZZLE COOLANT OT 

534 . 

NOZZLE Q 

333. 

41724. 




•hhhmhumhh, 


PRESSURE 

temperature 

thrust 

IMPULSE 
FLOW RATE 
MIXTURE RATIO 
W^ZLE EFFICIENCY 
NOZZLE gas constant 
nozzle gatha 

NOZZLE AREA 


********** **-**,( 


******** 

1687.5 
1800. 0 
31901. 
172.44 
185.0 
0.301 
0.970 
97.2 
1.177 
86. 7 


engine station CONDITIONS 

""***"** 


STATION 


* FLCL SYSTEM CONDITIONS 
PRESS TEMP FLOW 


MAIN PUMP INLET 
1ST STAGE EXIT 
MAIN pump EXIT 
FSOV INLET 
TSOV EXIT 

CHAM/COOL INLET 
CHAM/COOL EXIT 
CH INJ INLET 
NOZ/COOL INLET 
NOZ/COOL EXIT 
TAMC PRESS OUT 
TAMC PRESS IN 
FGCV INLET 
TGCV EXIT 
GG INJ INLET 


47.0 

2325;i 

4621.3 

4506.9 

4451.2 

4369.6 
2563 .5 
2542.0 

4624.2 
3490.4 

3249.7 
47.0 

3249.7 

2565.1 

2276.1 


201.0 

216.0 

230.3 
231.0 

231.3 

231.8 
406.6 

406.6 

253.8 

566.7 
563.0 
421.4 
563.0 

545.3 

542.4 


STATION 

main pump inlet 
main pump exit 

GOX HEX in 
taw PRESS IN 
MOV INLET 
MOV EXIT 
CH INJ INLET 
OGCV INLET 
OGCV EXIT 
GC INJ INLET 


STATION 
**-****#« 

FUEL TUR8 INLET 
FUEL TUR8 EXIT 
LOX TURB INLET 
LOX TURB EXIT 
nozzle INLET PRES 


« OXIDIZER SYSTEM 

PRtSS temp 
hi jhhhhhhhhhhhhh* 


566.3 

566.3 

566.3 

566.3 

566.3 

442.2 

442.2 

442.2 
146.0 
146.0 

3.6 

3.6 

142.3 
142.3 
142.3 

CONDITIONS 

FLOW 


ENTHALPY 

123.1 
145.4 

167.2 


167 

167 


167.2 

317.6 

317.6 

167.2 

453.0 

453.0 

453.0 

453.0 

453.0 

453.0 


47.0 

3336.3 
3228.9 

47.0 

3228.9 

2647.4 

2552.5 
2860.3 
2666.2 
2434.7 


164.0 
178.8 
179.3 

720.0 
179.3 

181.7 

182.0 

180.7 
181.6 
182.5 


ENTHALPY 


1566.3 
1566.3 
5.0 
5.0 
1540.6 
1540.6 
1540 . 6 
42.7 
42.7 
42.7 


61.6 

72.8 

72.8 

275.4 

72.8* 

72.8 

72.8 

72.6 

72.8 

72.8 


* gas gen system conditions 

DOCCC 


PRESS 
♦***-* 
1532. 7 
646. 7 
563.9 
289. 1 
221.6 


TLMP FLOH 

1800.0 185.0 

1655.5 . 185.0 

1645.4 185.0 

1550.3 185.0 


OENSm 

******** 

26.40 

26.55 

26.74 
26.66 
26.64 
26.60 
15.79 

15.75 
26.40 
10.42 

9.93 

0.17 

9.93 

7.91 

7.63 


OENSITY 


71.17 
71.74 
71.58 
0.22 
71.56 
70.70 
70.55 
71.05 
70. 73 
70.37 
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Table T m S.4.A. 


STBE Design at Normal Power Level (Continued) 




• TOfi^YCLrOff-DESIGN DECK * 

• “ s S SSJe'siwr • 


PAGE 2 




» FUEL turbine. * 

**^<hhh* ******** 


EFFICIENCY (T/T) 

HORSEPOHER 

SPEEO tRPMI 

S SPEED 

S OIAMETER 

m£AN DIAMETER <INI 

VEL. RATIO (ACTUAL) 

MAX TIP SPEED 
BLADE HEIGHT 
AH SOUAREO 
EFFECTIVE area 
PRES. RATIO IT/T) 
GAS CONSTANT (FT) 
GAFMA 


STAGE ONE 

an ******** 

0.774 
19000. 
10675. 
55.2 
1.84 
19.12 
0.97 
9ie. 
0.58 
59.7 
19.07 
1.59 


STAGE THO 

IH***-****"* 

0.759 

17765. 

10675. 

<♦4.5 

1.59 

19.10 

0.48 

991. 

1.10 

75.2 

21.17 

1.59 

97.20 

1.1626 


» tax turbine 


STAGE ONE 


0.779 

12650. 

7601 . 

50.9 

1.1* 


EFFICIENCY (T/T) 
HORSEPOWER 
SPEED IRPtt) 

S SPEED 

iE'ES™. ..«■ >»■» 

Cel.RATIO (ACTUAL) 0.90 
MAX TIP SPEEO 

blade height 
ah squared 
effective area 

PRES. RATIO <T/T» 

GAS CONSTANT IfTI 

GATHA 


680 . 
1.60 
59. 9 
58.67 
KM 


2 

99 


77 

4 


SO. 59 

r.*3. 


97.05 

1.1697 


******-****"*-** 
* fuel PLTIP * 
*-** *****"* 


EFFICIENCY 

HORSEPOWER 
SPEED (RPH) 

NPSH (FT) 

SS SPEEO 
S SPEEO 
HEAO (FT I 
DIAMETER (INI 
TIP SPEED ( FT/SEC ) 
VOL FLOW 

heao coef 

FLOW COEF 


STAGE ONE 

♦HHHMHHHHI 

0.715 

18570. 

10675. 

177.7 

27007. 

910 . 
12373 . 
18.28 
852. 
10002 . 
0.5396 
0 . 0728 


«i LOX PUMP » 


STAGE THO 

iOM l MHH 

0.699 

12657. 

7601. 

55.4 

1 . 0 * 

18.77 

0.90 

715. 


efficiency 

horse pofcr 

SPEEO (RPH> 

NPSH (FT) 

SS SPEEO 
S SPEEO 
HEAD (FT) 

OIAKTCR ‘ . 

TIP SPEEO l FT/SEC 1 
VOL FLOW 
HEAD COEF 
FLOW COEF 


0 . 7 S * 

25267 . 

7601 . 

62.4 

37052 . 

1037 . 

6618 . 

18.91 

628 . 

10017 . 

0 . 540 * 

0.0821 


STATION 


• VALVE OATA * 
OELP AREA 



FUEL shut OFF vlv 
fuel gg valve 
main oxio valve 

LOX GG VALVE 


STATION 
******* 

FUEL GG INJ 
FUEL ch inj 
LOX GG INJ 
LOX CH INJ 


* INJECTOR OAT*, * Z0£L P/P 


delp 



area 

3 . 960 1^2 . 5 
15.19 992.2 
0.279 92.7 
15.78 1S40 . 6 



STAGE THO 
*« ** ***** 
0.729 
10192. 
10675. 
12461.5 

1150. 

905. 

12405. 

18.28 

852. 

9995. 

0.5910 

0.0724 
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Table T-6.4.B. Steady-State Performance Summary 


NPL 

% Thrust 

100 

SL Thrust, lb 

644,898 

Vac Thrust, lb 

711,823 

Del SL 1^, sec 

297.5 

Del Vac 1^, sec 

328.4 

Chamber Pressure, psia 

2250 

Inlet O/F Ratio 

2.7 

Chamber O/F Ratio 

3.48 

LCH 4 Flowrate, lb/ 3 ec 

588.3 

L0 2 Flowrate, Ib/sec 

1588.3 


R19691/1U 


Table T-6.6.A. Sample Composition of Propellant Grade Methane 


Product 
Physical State 
Purity 

Typical Impurities 


Propellant Grade Methane Specificatio n No. SG-20A* 

Methane , CH 4 
Gas or Liquid 
Minimum 99.9% 


Oxygen 

Nitrogen 

Ethane 

Ethylene 

Propane 

Carbon Monoxide 
Carbon Dioxide 
Hydrogen Sulfide . 
Water 

Quantities Available 


10 ppm 
100 ppm 
200 ppm 
200 ppm 
100 ppm 
20 ppm 
10 ppm 
<1 ppm 
<10 ppm 


Tube Trailers 

Cryogenic Liquid Trailers 


up to 200,000 SCF at 2,400 psig 
up to 9,500 gallons 


^Suppl ied by Liquid Carbonic, Specialty Gaa Corp.. Chi^^ n ft 

RlWl^ 


Table T-6.6.B. Fuel Inlet Conditions at Steady State 


NPL 

LCH 4 Temperature, *R 201.0 

LCH 4 Pressure, psia 47 0 

LCH 4 Flowrate, Ib/se c 588.3 

RJ 9691/84 

Table T-6.6.C. L0 2 Inlet Conditions at Steady State 


NPL 


Temperature, *R 

164.0 

Pressure, psia 

47.0 

Flowrate, Ib/sec 

1588.3 

RlSOM/tt* 
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6.6.3 Propellant Vent Requirements 

TBD 

6.6.4 Pneumatic Requirements 


TBD 

6.6.5 Hydraulic Requirements 


TBD 


6.6.6 Tank Pressurization Gas 


Tank pressurization gas 
connections at the conditions 


will be extracted from the engine 
provided in Table T-6.6.D. 


and supplied at the interface 


Table T-6.6.D. Tank Pressurization Gas 


■ 

Temperature 

CR) 

Pressure 

(psia) 

Flow 
( Ibfsec ) 

Oxygen 

Methane 

TBD 

TBD 

1000 

1000 

TBD 

TBD 


6 7 ELECTRICAL REQUIREMENTS 

generated control signals, and data transmission. 


6.7.1 Electrical Power 

Electrical peer eh.ll ta -applied 

25TSS ot " le unila ILRU ' S> ' 

Connections are to remain secure during flight. 


6.7.2 Overall Power Requirements 

The STBE has the following electrical power requirements. 


DC 


TBD volts 
TBD amps 
TBD watts 


Allowable voltage variations for dc currents are TBD 

6.7.3 Transient Voltage Limits 


. .. . „„ j TRn vfilts for TBD msec. The engine controller 

Normal transient voltage shall no ex effects or going into a hold mode, 

shall withstand normal voltage transients without adverse effects or going 
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7.0 


VEHICLE/ENGINE DATA AND COMMUNICATION INTERFACE 


and* 

commands will be either discrete or variable di^ com^ 0 ^ 6 Vehide aerated 
sequence, shutdown sequence, etc. Variable comm^, ST ^ ^ ** 1SSUed t0 he * n the start 
mixture ratio commands. Communication between the u • C .° ns, ® t of thrust Ievel commands and 
a TBD databus. The communication system will he c vet J lcle and engine control will be through 
data rate. 9yStem ^ be ca P a We of transmitting e BD words at a TBD 


8.0 ENVIRONMENTAL CRITERIA 

8.1 PRESSURE ENVIRONMENT 


TBD 


8.2 TEMPERATURE ENVIRONMENT 

TBD 


8.2.1 Ambient Temperature Limits 

TBD 


8.2.2 Engine Surface Temperature 


liquid A l engine 3UffaCeS WU1 ^ ****** at temperature to prohibit the formation of 

8.3 ACOUSTIC ENVIRONMENT 

Tbe Space Transportation Booster Engine ISTRiri „, n • 

of * •— ovef, rj wr 

8.4 VEHICLE BASE HEATING 


follow!£ STBE WiU " 0t inpo “ ,l “™" o„ the base of the vehicle i, 

Max Heat Flux 
Max Surface Temperature 
Max Heat Transfer Coefficient 

9.0 ENGINE LOADS 

9.1 ALLOWABLE GIMBAL LOADS 


TBD 

TBD 

TBD 


The Space Transportation Booster Engine 1STRP1 k . , 

±6 degrees about the engine centerline in a square pattern thr ° Ugh “ an « ,e of 

allowable gimbal actuation loads are shoVn^n m^T-lL^ ^ e9timated maximum 


R 19681/44 
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Table T-9.1. 


Estimated STBE Maximum Gimbal Actuation Loads 


TBD 

10 


Max Actuator Load, lb 
Max Gimbal Rate, degreea/sec 
Max Gimbal Acceleration, rad/aec _10_ 


9.2 ACCELERATION LOADS 

9.2.1 Vibration Loads 

The engine »U. withstand 

9.2.2 Liftoff Loads Through Landing 

Load (g’s) 


Axial 

± 6 

Lateral (y) 

± 2 

Lateral (z) 

± 4 


9 3 GROUND HANDLING LOADS 

f .• TRD-Dound ground handling loads applied in 

The STBE shall be capable of withstanding TB p be capab le of withstanding 

afar ZSS&&2 - — - tt ” 

v^icle° by the normal connecting interfaces. 

10.0 GROUND SUPPORT AND MAINTENANCE 

will be preferred over factory service. 

10.1 PRELAUNCH GROUND SERVICE 

Ttore IdL vet c rSe I^lfbe^leTS^nT^ coeditionmg 

propellants ere loaded in vehicle, i ne 
without ground service equipment. 

10.2 LEAK DETECTION 

The capability to detect heb um tota geM present, 

helium leakage flowrate is not to excee 
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10.3 MAINTENANCE AND SERVICE INTERVALS 

10.3.1 Inspection Interval 

TBD 

10.3.2 Line Replaceable Unit (LRU) Replacement Interval 

TBD 

10.3.3 Engine Replacement Interval 

TBD 


10.4 ENGINE MAINTENANCE ACCESS 

p*, “oTZZ e ZT ‘“ prov,ded t0 

10.4.1 Routine Maintenance Access 

engin^powerhead^ I^Mt, ion"” ZcZt '', ZZZ Z“‘ ‘T"* 0 " 360 de « rees *™»<i 
inspection including the installation of into P rov ided to allow periodic internal 

turbopumps. ZZtoZT^Z Z™ 

functional checks of all powerhead systems. T P rm penothc leak checks and 

10.4.2 Corrective Maintenance Access 

(TBD) P Provided, when the engine is installed in the vehicle, to replace all LRU’s 


10.4.3 Engine Positioning 

provided^ “ P ‘ bi ' ity ° f PMiti ° ni " B “ d '“ ki " 8 the •“*> *• baling envelope will be 


HI 


RldMl/44 



Pratt & Whitney 

FR-19691-4 
Volume II 


4.1. 1.7. 9 Preliminary Contract End Item Specification 


Th. foln-i.* Preliminary Correct 1 “ 
it= entirety with its unique paragraph, figure, tab , P g 
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PRELIMINARY 

SPACE TRANSPORTATION BOOSTER ENGINE 
CONTRACT END ITEM 
SPECIFICATION 


CONCURRENCE: 


P&W — ENGINEERING MANAGER P&W — PROJECT MANAGER 

APPROVAL: 


MSFC — STBE PROJECT MANAGER 
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1. SCOPE 


1.1 Scope. This document establishes the requirements and characteristics of the Space 
Transportation Booster Engine (STBE) for use in the Advanced Space Transportation launch 
system. 

1.2 Classification. The STBE is a regeneratively cooled, turbopump- fed bipropellant gas 
generator engine with a single chamber and a rated thrust of 644,898 pounds at sea level 
conditions. Propellants are liquid oxygen and liquid methane used at a rated inlet oxidizer-to-fuel 
mixture ratio of 2.7:1. Rated engine thrust is achieved at an estimated design chamber pressure of 
2250 psia with an overall nozzle area ratio of 28:1. The engine has a rated specific impulse of 
297.5 seconds at sea level conditions. The operating life of the engine is an accumulated running 
time of 16.67 hours and/or 100 starts. 

2. APPLICABLE DOCUMENTS 

2.1 Government Documents. The following documents forms a part of this specification to 
the extent specified herein. If the issue of a document is not specified, the issue in effect on the 
baseline (Date TBD) shall be applicable. The subtier documents referenced within these 
documents are also a part of this specification and are applicable to the extent required by the 
documents specified below. The specific issue of second-tier documents referenced within these 
first-tier documents shall not be restricted to the baseline date specified above, and later issues of 
second-tier documents acceptable to the contractor may be used provided that the use of later 
issues does not affect the Class I change definition for the end item as defined by Configuration 
Management Program Plan, (Spec No. TDB). Later issues of second-tier documents 
unacceptable to the contractor or impacting the Class I definition above shall be forwarded to the 
Procuring Agency by Engineering Change Proposal (ECP). The specific issue of subsidiary 
documents below the second-tier level shall not be subject to configuration management controls. 

SPECIFICATIONS 

Federal 


MSFC-SPEC-234A 

TBD 

Military 

MIL-B-5087B(2) 

DOD-D- 1000B(3) 
MIL-I-6181D 
Notice 6 

MIL-P-25508E(3) 

MIL-P-27401C 
20 January 1975 


Nitrogen, Space Vehicle Grade, 27 July 1967 
Methane, Liquid 


Bonding, Electrical, Lighting, Protection for Aero- 
space Systems 

Drawings, Engineering and Associated Lists 

Interference Control Requirements, Aircraft Equip- 
ment 


Propellant, Oxygen — Type II, Grade A or Equiva- 
lent 

Propellant Pressurizing Agent, Nitrogen 
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MIL-P-27407A 

TBD 


Helium, Type I, Grade A (Gaseous) or Equivalent 
Propellant, Methane 


MIL-S-7742B 

Notice 2 


Screw Threads, Standard, Optimum Selected Series, 
General Specifications for 


MIL-S-8879A 
Notice 2 
STANDARDS 


Screw Threads, Controlled Radius Root With In- 
creased Minor Diameter, General Specifications for 


Military 

MIL-STD-130F 

MIL-STD-704D 


Identification Marking of U.S. Military Property 

Electric Power, Aircraft, Characteristics and Utiliza- 
tion of 


2.2 Other Publications. The following documents of the exact issue shown, form part of this 
specification to extend specified herein. 


Aerospace Material Specification 


AMS 2630A-80 
AMS 2635C-81 
AMS 2640J-83 
AMS 2645H-83 
AMS 3159C-67 


Ultrasonic Inspection 

Radiographic Inspection 

Magnetic Particle Inspection 

Flourescent Penetrant Inspection 

Leak Test Solution Liquid Oxygen Compatible 


Technical society and technical specifications and standards are generally available for 
FeireTlgen“ei rieS ' documents " e also distributed among technical groups and using 


2.3 Use of Applicable Documents. The use of publications which by reference are made 
supplementary or part of those listed herein shall not be mandatory. In the event of conflict 
between documents referenced herein and the contents of this specification, the contents of this 
specification shall be considered a superseding requirement. 


3.0 REQUIREMENTS 


3.1 Definitions 


Ascription. , The STBE is a fixed thrust engine, capable of sea level start and 
continuous opera ion from sea level to altitude. The engine power cycle is a regeneratively-cooled 

rrr^h CyC 6 Uam u 5ft hquid methane fuel M a cool&nt for the main combustion chamber 
of nozzle. The engine shall be capable of operating at a rated thrust level of 490,604 pounds at 
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expendable or reusable vehicle configuration. 

3.1.2 Missions. TBD 

3.1.3 Operational Concepts. TBD 

3.1.4 Organizational and Management Relationships. TBD 

3.1.5 Systems Engineering Requirements. TBD 

3.1.6 Government Furnished Property List. TBD 

3.2 CHARACTERISTICS 

3.2.1 Performance 

3.2.1. 1 Primary Performance Characteristics. 

3.2.1. 1.1 Ratings. The performance ratings and tolerances shall be as listed in Table I. 

zp u , c TB e Rocket Engine Performance Ratings (Performance Ratings of the STBS 
R^t Nominal Pouter Leoel and 2.7 Mixture Ratio; 


Parameter 


Ratings and Tolerances 
Steady State 


Engine Thrust (lb f ) - Sea Level 
Specific Impulse (lb,/lb f /8ec) . 


644,898 ± 19,347 
297.5 ± 1.5 


Rl 9691/84 


3 2.1. 1.2 Duty cycle. The limiting duty cycle for the engine consists of one start during a 
single mission with a running duration of 160 seconds. 

3.2.1. 2 Secondary Performance Characteristics 

noill Fnaine Life. After completion of the quality conformance test, the engine shall 

of the complete engine extern. 

Of TBD years. The engine «» be overhauled end the operating life 
returned to the maximum during this period 

3, 2.1. 2.2 Limited Life Parts Replacement. 
within the overhaul life (25 missions). 

3.2.f.3 Operating Esswti als. 

accordance with the performan * • s ball be capable of autonomous control during 

— *- — - 

external start and shutdown signal. 


The engine has no limited life parts for operation 
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3.2.1. 3.1 Prelaunch. There is no requirement for service from ground equipment within 24 
hours after propellants are loaded. The turbopump will achieve thermal conditions without 
ground servicing in less than TBD minutes from the time propellants are supplied to engine with 
maximum thermal conditioning flowrates TBD. Propellant leakage, either external or internal, 
shall not occur in such a manner as to impair or endanger engine/vehicle function. Leakage 
isolation capability shall be provided with design objective that separable connections not exceed 
1 X 10 scc/sec helium at leak check pressure. 

3.2. 1.3.2 Start. The starting system shall be such that the engine can be safely started on the 
first attempt. At the initiation of the start cycle, propellant inlet conditions must be maintained 
within the limits defined in Figures SP-1, SP-2, and SP-3. During the start cycle, engine control 
shall be self-contained. The engine will start and accelerate to normal power level (NPL) in less 
than five seconds. The maximum thrust buildup shall not exceed TBD pounds in any TBD msec 
time interval. Expendable igniters and hypergolic fluids may be used. Nozzel prefill shall not be 
allowed. 


3.2.1. 3.3 Steady State. During steady-state operation, the engine thrust, chamber mixture 
ratio, and gas generator mixture ratio will be controlled using the gas generator fuel valve, main 
oxidizer valve, and gas generator oxidizer valve, respectively. The control of thrust shall be such 
that the rocket engine operates within the limits specified in 3.2.1.1.1, Thrust oscillations about 
the engine steady-state operating thrust level shall not exceed the following: 

Range Variations 


0 — 0.5 Hz < ± 6000 lb 

0.5 — 1.5 Hz < ± 1500 lb 

1.5 — 25 Hz < ± 450 lb 

25 — 100 Hz < ± 1500 lb 

Thrust during the starting transient shall not exceed 656,250 pounds. Mixture ratio 
variation during steady state shall not exceed ± 1.0 percent of nominal value. 

3.2. 1.3.4 Shutdown. Provisions incorporated for power cutoff shall be such that a positive 
and safe shutdown can be achieved under all engine normal operating conditions. The 
deceleration time from NPL to zero thrust shall not exceed TBD seconds. The thrust decay shall 
not exceed TBD pounds in any TBD msec internal. The shutdown impulse from NPL to TBD 
lb -sec. 


3.2.2 Physical Characteristics 

3.2.2 . 1 Dimensions. The engine dimensions and interface characteristics shall be as provided 
on the installation drawing included in the ICD. 

3.2. 2. 2 Rocket Engine Dry Weight. The dry weight of the engine shall not exceed 6960 
pounds. The weight of the propellants in the engine at normal operating conditions shall not 
exceed 809 pounds. The burnout weight shall be the same as engine dry weight. There shall be no 
liquid propellants remaining in the engine after normal venting. 

3.2.3 Reliability. The engine shall be designed for a minimum reliability of 0.99 at 90 percent 
confidence for operation at the normal mission power level and bum duration and in the nominal 
mission environment. The probability of a failure that can result in damaging or destruction 

release of energy while operating under conditions of a nominal mission shall be no greater than 
1-0.999. 
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3.2.4 Maintainability. Design features shall be incorporated to assure effective engine 
maintenance, refurbishment, and repair. Maintenance requirements shall be minimized The 
engine shall be capable of service and maintenance in either the vertical or horizontal position. 

3.2.4. 1 Engine removal and replacement The engine shall be capable of removal and 
replacement when installed in the vehicle oriented in either the vertical or horizontal position^ 
This activity shall be accomplished by a crew of TDB men (maximum) in TBD hours 
(maximum). 

3 242 Line Replacement Units (LRU). All LRUs shall be interchangeable from engine to 
engine and shall be inspectable while mounted on the engine installed in a vehicle in the vertical 
or horizontal position. LRUs shall be removable and replaceable within the crew and time limits 
specification Table TBD. 

3 2 42 1 Configuration Item. All configuration items shall be interchangeable from engine to 
engine and shall be inspectable while mounted on the engine installed in a vehicle in the vertical 
or horizontal position. Configuration items shall be removable and replaceable within the crew 
and time limits specified in table TBD. 

3 2 . 4.3 Inspectabillty. All critical engine components, including bearing seals, filters, and 
structural welds shall be inspectable in the assembled engine. 


3.2.4.4 Maintenance Equipment. Special maintenance equipment and support equipment 
shall be minimized. 


3.2.5 Operational Availability. TBD 

3.2.6 STBE Safety. Safety shall be in accordance with NHB 1700.1 (IV-a), V3 and NHB 
5300.4 (ID-2). 


3 2 6 f Safety Design Preferences. The STBE shall, in the following order of preference, be 
designed to eliminate hazards by appropriate design measures; or prevent hazards throu ^ h JJ^ of 
safety devices or features; or control hazards through use of warning devices, special procedures, 
and emergency protection subsystems. 


3 2.6.2 Materials. STBE materials shall be selected with characteristics which do not present 
hazards to personnel or equipment in their intended use or environment. 


3.2.6.3 Isolation of Hazardous Conditions. Provisions shall be made to physically isolate or 
separate hazardous, incompatible subsystems, materials, or environments. 


3. 2. 6 . 4 Purging, Venting, Drainage, Detection. 

hazardous accumulations of gases or liquids (i.e., 


Provisions shall be made to prevent 
toxic explosive, flammable or corrosive). 


3 2 6 5 Drain, Vent and Exhaust Port Design. Drains, vents, and exhaust ports shall prevent 
exhaust fluids, gases, or flames from creating hazards to personnel, vehicle, or equipment. 

3.2.6.6 Protection of Critical Functions. Subsystems shall be designed to prevent inadvertent 
or accidental activation or deactivation or safety-critical functions or equipment, which would be 
hazardous to personnel or vehicles during flight and ground operations. 


3.2.6. 7 Pressure Vessel Protection. 

overpressurization or underpressurization 


Pressure vessels shall be protected against 
which could be hazardous to personnel or hardware. 
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3.2.7 Environment. The engine shall be capable to accomplishing the intended functions 
under environmental conditions imposed upon the engine during the engine service life. The 
engine shall be capable of operating in a single or multi-engine installation in any static firing 
environment equivalent to prelaunch and flight conditions defined in this document. 

The engine during its service life shall not suffer any detrimental effects during or after 
exposure to the following environmental conditions. 

3.27.1 Natural Env/ronment. TBD 
3.2.7. 2 Induced Environment 

3.27.2.1 Vibration. The engine shall withstand any self-induced vibrations without 
deleterious effect on the engine or impairment of its serviceability. The engine shall also 
withstand externally imposed vibration environmental conditions from any source to the extent 
shown below: 


Direction Level 


Axial TBD g*s 

Lateral TBD g’s 

3.27.2.2 Acoustic Environment. The engine shall withstand acoustic impingement on TBD 
db overall sound pressure level over the frequency range of TBD Hz for TBD minutes. 

3.27.2.3 Engine Side Loads. The engine shall be designed to withstand its self-induced side 
loads caused by nozzle flow separation during on -pad thrust buildup and decay. The peak 
transient force shall be no greater than specified in para. 3.2.1. 3.2. 

3.27.2.4 Flight Loads. The maximum allowable flight maneuver loads are: 

Direction Level 


Axial TBD pounds 

Lateral TBD pounds 

The engine shall withstand during flight, without permanent deformation or failure, the 
maximum force resulting from all critical combinations of these load factors with those specified 
in 3.2.7. 2.1. 

3.27.2.5 Ground Handling Loads. The engine shall be designed to withstand TBD “g” 
handling loads applied in any direction while installed in a handling frame. The engine shall be 
designed to withstand TBD u g” axial acceleration in combination with a TBD g lateral 
acceleration during ground handling without the handling frame installed, but with the engine 
supported at normal interfaces as defined on the Interface Control Drawing. The maximum 
handling load at a single gimbal actuator attach point shall not exceed TBD “g”. 

3.2.8 Transportability /Transportation. TBD 

3.2.9 Storage 

3.2.9. J Temperature Range . The engine, when stored in accordance with TBD shall not 

suffer any detrimental effects between temperatures of TBD to TBD °F. 
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3.3 DESIGN AND CONSTRUCTION STANDARDS 

3.3.1 Selection of Specifications and Standards. All materials, parts, and processes shall be 
defined by standards and specifications, selected from those of Government, industry, and 
contractor. Rationale for the selection of contractor specifications and standards over existing 
higher order or precedence standards and specifications shall be compiled and maintained for 
historical record and shall be made available to the procuring activity upon request. This 
rationale shall include an identification of each higher order or precedence specification or 
standard examined and state why each was unacceptable. For purposes of this order or 
precedence, commercial materials, parts, and processes shall be considered equivalent to 
contractor standards. 

3.3.2 General 

3.3.2. 1 Structural Conditions . The engine shall withstand, without impairing satisfactory 
operations, the maximum forces resulting from all critical combinations of the operating, 
interface, and environmental loading conditions specified in this specification. As a guide for 
design purposes, the following criteria should be used. The allowable loads and moments at the 
interfaces shall be specified on the Interface Control Drawing. 

Structural Factors of Safety: 

• Minimum Yield: (1.1 at NPL) 

• Minimum Ultimate: (1.4 at NPL, combined loads) 

• Minimum Ultimate: (1.5 at NPL, pressure only) 

• Minimum Proof: (1.2 at NPL, unless fracture mechanics requires a higher 
factor) 

• LCF: (4.0 at NPL) 

• HCF: Design goal of infinite life, otherwise: (4.0 at NPL for A-basis materials; 

10.0 otherwise) 

• Creep (4.0 at NPL). 

3.3.2.2 Fracture Life Verification. Turbopump components shall be analyzed in accordance 
with the Fracture Control Plan as specified. Components shall be designed for 1.25 on endurance 
limit when feasible. 

3.3.3 Standards. MS, AN, or MIL standard parts shall be used wherever they are suitable for 
the purpose, and shall be identified by their standard part numbers. The use of nonstandard 
parts will be acceptable only when standard parts have been determined to be unsuitable. MS, 
AN, and AS design standards shall be used wherever applicable. 

3.3.4 Threads. Conventional straight screw threads shall conform to the requirements of 
MIL-S-7742 or MIL-S-8879. Duplicate parts, differing only in thread form, shall not be 
permitted. Unless otherwise specified, threaded parts smaller than 0.164-inch diameter shall 
have threads in accordance with MIL-S-7742. When an allowance is required for applications in 
elevated temperature, corrosive atmosphere, or other conditions which may cause thread seizure, 
this allowance shall be obtained by increasing the diameters of the internal threads. 
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3.3.5 through 3.3.7. TBD 

o^'milTdBk’sR Ifl'T 6 “T? ,h f be desi *"« d "“■P'oyine material properties besed 
of thi L rI«r; BK i 5 5' M '‘ pr0perty **** from other sourc es shall state the statistical quality 
aL™«t M T f 1 ? “ eth0ds >i sed t0 d6riVe all0wable9 - shall require procuring agency 
a eri s ac ing a sufficient data base in the operating environment shall be tested. 

require me HB^Ofiff f ^Th Mate ” als ex P° sed to li( ? uid or gaseous oxygen must meet the 

teste 3 1 UCbS ,mpaCt ’ promoted combustion, and frictional heating 


3.3.9 Contamination Control. TBD 

3.3.10 Coordinate Systems. TBD 

3.3.11 Interchangeability and Replaceability. TBD 

3.3.12 Identification and Marking. TBD 

3.3.13 Workmanship. TBD 

3.3.14 Human Performance/Human Engineering. TBD 
3.4 LOGISTICS. TBD 


3.5 PERSONNEL AND TRAINING. TBD 

3.6 INTERFACE REQUIREMENTS 

3.6.1 Inter-Program Interface Requirements 

^/vehicle physical and functional interfaces are 
p ied in Interface Control Documents, document numbers TBD. These interfaces include 

r rt enVe0pe (8tatic T d dynamic > dimensions, engine mass properties, en^/vehlde 
connections for mechanical attachment, for propellants and other fluids transfer for electrical 

r^ eh i cl tV ommun,cation - Ais ° inciuded - «««-» ssisi 

inspection and -tcria; and 

4.0 VERIFICATION. TBD 

5.0 PREPARATION FOR DELIVERY 

5.1 PREPARATION FOR STORAGE AND SHIPMENT. 

™mnJ he COntractor Sh L aJ1 furnish a Packing list with each engineer. All parts, accessories 
£ tools , that ] are not ^stalled on the engine, but are shipped with the engine shall 

ba included on the pack, ng list. The rocket engine, components, and accessories shall pmpa^d 
for storage and shipment in accordance with the following: prepared 


a. 


b. 


The shipping container will provide adequate physical protection for the 
engine during shipment and storage. 

The shipping container design will be sized to accommodate road and air 
shipment. 
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c The shipping container will be designed to allow attachment of an indicator 
to record loads encountered during shipment. 


The engine shall be capable of being maintained during shipment and 
Storage in accordance with the procedures established by the Service 




e. 


Packaging equipment will be provided to protect the engine against 
environmental conditions during shipment and when the engine is 
— ... nn the vehicle stage. 


6.0 NOTES. TBD 

7.0 OPTIONAL FEATURES. TBD 

8.0 TRADE DATA. TBD 

10.0 APPENDIX. TBD 


124 


Riwat/w 


Pratt & Whitney 

FR-19691-4 
Volume II 


4.1.2 Unique STBE Gas Generator Cycle Engine 
4.1. 2.1 Unique Gas Generator Engine Design Evolution 

The unique L0 2 /methane gas generator engine cycle study was initiated in the first quarter 
of 1988. The first engine design is shown in Figure 4.1.2.1-1 with engine characteristics. This 
engine was a 625,000-pound (625K) sea level fixed thrust with the design point at 688K sea level 
thrust. The first bipropellant unique engine design incorporated all of the STME/STBE low cost 
design and manufacturing concepts. These concepts are listed in Table 4.1. 2.1-1. This was the 
prime expendable concept when the tripropellant was the prime reusable concept. Reliability 
predictions, unit production costs, and the impact on life cycle cost were evaluated for the 
bipropellant, expendable 625K fixed thrust sea level engine design during the first quarter of 
1988. The results of these evaluations are presented in P&W Interim Report FR-19691-3. 


Gas Generator Cycle 


Propellants 

lo 2 /ch 4 

Mixture Ratio 

3.04 

Chamber Pressure 

2044 psia 

Thrust - Vacuum 
- Sea Level 

717,500 lb 
625,000 lb 

Specific Impulse - Vacuum f 

- Sea Level 

340.1 sec 

296.2 sec 

Nozzle Area Ratio 

35 

Length 

145 in. 

Diameter 

90 in. 

Weight 

7014 lb 


FO 359995 

Figure 4J.2.1-1, STBE Unique Gas Generator Cycle Engine — 625K Sea Level Thrust 

During the second quarter of 1988, the L0 2 /methane bipropellant engine concept was 
refined to include growth capability to 750K sea level thrust with some hardware changes. This 
engine design and its major characteristics are shown in Figure 4.1.2.1-2. Several design and 
analytical trade studies were conducted to substantiate the engine design. The major studies 
conducted were a boost pump trade study and a mixture ratio trade study. A summary of the 
boost pump and mixture ratio trade studies is included in this section. 
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Table 4. 1.2. 1-1. Design Changes To Reduce Fabrication Costs 

• Simple Axial Inlet Turbopumps 

• Removed MCC Igniter From Acoustic Liner for Simplification of Chamber 

• Simplified MCC Coolant Channel Geometry 

• Eliminated Expensive/Comp lex Wrap-Around Flex Lines 

• Cast Turbopump Housings 

• Changed to Lower Cost Materials Wherever Possible 

• Equiaxed Turbine Blades 

• Cast Oxygen and Fuel Pump Impellers 

• Cast Gas Generator and MCC Injector Elements and Divider Plate 

• Cast Chamber With Electroplate Nickel Closeout and Bicast Structural Jacket 

• Filament Wound Shell on Tubular Nozzle 

• Formed Tubular Nozzle 

— RlWiai/47 


As the bipropellant common engine study began to emerge as the focus of STBE efforts, the 
engine design did not undergo further study until the fourth quarter of 1988 and continued 
through the first quarter of 1989. This engine assembly design and overall characteristics are 
presented in Figure 4.1.2.1-3. This 750K engine incorporates all of the low-cost concepts as 
previously discussed except that the turbopumps are mounted vertically. The following 
paragraphs refer to the design definition of this 750K sea level thrust engine shown in Figure 
4.1.2.1-3, with low cost design and manufacturing features and vertical turbopumps. 

4.1.2.2 Engine Cycle 

The candidate unique L0 2 /CH 4 STBE configuration studied during the Phase A' extension 
is a gas generator cycle with liquid oxygen and liquid methane as propellants. This engine 
operates at a main chamber pressure of 2396 psia at the design power level (DPL) of 750,000 
pounds thrust and has the capability of running at a nominal power level (NPL) of 625,000 
pounds thrust. The engine has a fixed nozzle with an area ratio of 36:1 and delivers 305 seconds 
of sea level specific impulse at DPL. Figure 4.1.2.1-3 presents selected engine characteristics at 
the rated power level. 

4.1. 2.2.1 Flowpath Description 

A simplified flow schematic, showing the major flowpaths and components for the STBE, is 
presented in Figure 4.1.2.2-1. 


Liquid oxygen enters the engine at a net positive suction head (NPSH) level, supplied by 
the vehicle, sufficient for the high-speed high-pressure methane pump; thus boost pumps are not 
required for this system. 
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Figure 4. 1.2. 1-3. STBE Unique Gas Generator Characteristics at Design Power Level 
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“jS'iMo the gas generator to combust with some of the oxygen to prov.de power for the h.gh 
pressure turbomachinery. 

The hish-oressure oxidizer pump operates at 6,787 rpm to provide the oxygen pressure level 

SSS5ESSS: 

control valve before being injected into the gas generator. 

Bwmmmm 

» ..-osphe,ic ,««». 

additional thrust to the overall engine output. 

4.1. 2.2.2 Engine Operation 

The engine will be preeonditioned using liquid flow from the tanks to «k The tu*W 
vented. 

Vttzr# iss? kizz:*— ns* £ 

propellant ignition. The oxidi f „ as to liquid. The transition occurs prior to 

rnamm 

be accomplished with dual electrical spark excited, oxygen/methane torch igniters. 

Main stage engine operation is open-loop > — d 
(FCeV), the oxygen g^ ge^er^r thnjat ^ m i xture ratio. Thrust and main 

jrssii- " 
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accomplished with open-loop valve schedules. Engine shutdown is accomplished using a time- 
based scheduling of the propellant valves. The OGCV is closed first to power down the 
turbopumps, then the MOV closes, followed by shutting off the methane system. 

In addition to a normal operational mode, the engine system is capable of shutdown 
resulting from detected problems or L0 2 starvation at the end of the burn duration. 

4. 1.2. 3 Turbomachinery 

4. 7.2.3 . 1 Oxidizer Turbopump Hardware Description 

The mechanical description of the features of this turbopump is the same as the STBE 
Derivative Gas Generator oxidizer turbopump. The oxidizer turbopump is shown in Figure 
4.1. 2.3-1. 

4. 1.2. 3.2 Fuel Turbopump Hardware Description 

The fuel turbopump shown in Figure 4.1. 2.3-2, is configured as a single-stage centrifugal 
shrouded impeller pump with an inlet inducer and is driven by a two-stage axial flow turbine. 
The inducer and impeller, made of fine grained and hot isostatically pressed (HIP) cast Inconel 
718, is coupled to the turbine through a single turbine disk with an integral shaft made of 
Waspaloy. Pump and turbine inlet and discharge housings are fabricated from fine grained cast 
and HIP Inconel 718 to minimize machining costs. Turbine blades and vanes are made from cast 
Mar-M-247 nickel alloy. The ball and roller bearings, made of 440C material, will be used to 
support the pump rotor system. Investigations are ongoing to find an alternate cyrogenic bearing 
material or combination. Any data and technology obtained through this investigation on the 
SSME-ATD program will be applied to the fuel pump bearings. 


The rotor thrust balance system is accomplished by a dynamic pressure (load) axial balance 
by properly locating the labyrinth seals at specific diameters. Transient thrust loads are resisted 
by a forward stop on the rotor contacting a similar stationary stop on the housing, and by a 
rearward stop located on the ball bearing outer race carrier. 

The ball bearing is cooled by first-stage discharge pressure that is controlled leakage flow 
from the backside of the impeller, through the bearing, then recirculated to the inducer inlet 
through a controlling labyrinth seal and a hole in the shaft. The roller bearing coolant supply is 
tapped off the back side of the impeller through an internal passage which provides coolant to the 
bearing. Between the roller bearing and the turbine, a diaphragm type lift-off seal (similar to the 
ATD fuel turbopump) is incorporated to prevent cooldown flow from entering the turbine during 
the pre-start sequence. At engine start, pump pressure increases so as to deflect the lift-off seal to 
permit flow through the bearing and into the turbine for additional cooling requirements. 

The remaining mechanical descriptions of the features of this turbopump are the same as 
the STBE Derivative Gas Generator fuel turbopump. 

4. 1.2. 3.3 Boost Pump Trade Study 

The effects of different boost pump configurations on the main stage pump design and on 
the performance of a L0 2 /CH 4 gas generator engine were evaluated. The pumps studied were a 
conventional boost, a jet boost and a low/high speed boost pump. 
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Figure 4.1.2.3-1. STBE Unique Gas Generator L0 2 Turbopump 
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The effects of the boost pumps were seen in the size, weight, turbopump diemeter and 
performance of the mein pump. Boost pump, decre.se the diameter to the mrnn pump „d the 
number of stages, and also increases the speed of the main pump. Figures 4.1.2.3-3 through -10 
summarize the trends on the main pump. 


Diameter - 

in. 



Figure 4.1. 2.3-3. STBE Unique Gas Generator Three-Stage Fuel Pump and a Single 
Discharge Volute 


In. 



FDA 366647 


Figure 4.1.2.3-4. STBE Unique Gas Generator Two-Stage Fuel Pump and a Single 
Discharge Volute 


134 


RIMit/U 









Pratt & Whitney 

FR-19691-4 
Volume II 



FDA 366648 


Figure 4.L2.3-5 . 


STBE Unique Gas Generator Single-Stage Fuel Pump With Boost Pump 
(Conventional) and a Single Discharge Volute 


Diameter - 

in. 



FDA 366649 


Figure 4.1.2.3-6 . STBE Unique Gas Generator Single-Stage Fuel Pump With Boost Pump 
(Conventional) and a Double Discharge Volute 
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Diameter - 

in. 


Figure 4.1. 2.3-7. 


Diameter - 
in. 


Figure 4. 1. 2.3-8. 



STBE Unique Gas Generator Two-Stage Fuel Pump With Jet Boost 
Pump and a Single Discharge Volute 



STBE Unique Gas Generator Single-Stage Fuel Pump With Jet Boost 
Pump and a Single Discharge Volute 
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Note: 

83,432 rpm 


Dre, 


FDA 366652 

Figure 4. L 2.3-9. STBE Unique Gas Generator High-Speed Boost Pump and a Single 
Discharge Volute 

7 
6 
5 
4 

Radius - 
in. 

3 

2 

1 

0 

0 1 23456789 10 11 12 

AxiaJ Distance - in. 

FDA 366653 

Figure 4. 1. 2.3-10. STBE Unique Gas Generator High-Speed Boost Pump and a Single 
Discharge Volute 

4.1. 2.4 Combustor 

The unique STBE minimum chamber volume, injector design, and acoustic liner design 
were determined using the procedures outlined in section 4.1. 1.4 for the derivative STBE engine. 
The unique STBE chamber and injector element design are summarized in Table 4.1.2.4-1. The 
characteristic length (L*) given in the table (31.3 inches) is the minimum required to meet the 
98.0 percent characteristic velocity efficiency specified for the engine. Note that the fuel and L0 2 
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pressure drops are less than in the derived STBE core since the flow areas could be set for STBE 
operating conditions alone. 


Table 4.1. 2.4-1. Unique STBE Combustor and Injector Design 


Chamber L* (Min)-in. 

31.3 

Fuel Flow-lb/3ec 

502.1 

AP Fuel-psi 

168.0 

L0 2 Flow-lb/sec 

1816.3 

AP L0 2 psi 

167.3 

No. of Elements 

306 

Element ID-in. 

0.366 

Annular Gap-in. 

0.021 


R1WH/47 


The acoustic liner design set for the unique STBE is given in Table 4.1. 2.4-2. This liner will 
provide a 30 percent acoustic absorption at the first tangetial frequency (1212 Hz) of the 
combustion chamber. 


Table 4. 1.2. 4-2. Acoustic Liner Design 


Chamber Pressure-psi 

2396 

Aperture — Gaa Temperature-* R 

2000 

Aperture — Gaa Molecular Wt. 

22.4 

Hole Diameter-in. 

0.10 

Hole Length-in. 

0.36 

Area Ratio 

0.06 

Backing Cavity Depth-in. 

0.6 

Liner Length-in. 

4.0 

R1MB1/47 


4.1. 2.4.1 Main Injector 

The mechanical description of the features of this main injector are the same as the STBE 
Derivative Gas Generator main injector. Figure 4.1.2.4-1 shows the main injector, and Figures 
4.1.2.4-2 and -3 show the injector element configuration and injector pattern, respectively. 

4.1. 2.4.2 Combustion Chamber 

The combustion chamber is regeneratively cooled by fuel from the high pressure pump 
discharge. The fuel enters the thermal skin cooling jacket at the interface of the regeneratively 
cooled nozzle manifold. The coolant then flows forward, counter to the gas path flow, to the 
throat. The fuel cools the chamber wall, exits at the injector interface internal manifold, and 
enters the injector. This flow configuration provides the coolest fuel at the throat where wall heat 
flux is highest. The combustion chamber is shown in Figure 4.1.2.4-4. 
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Section A-A 




Figure 4 . 1 . 2.4-2. STBE Unique Gas Generator Mam Injector Element 

The STBE unique gas generator thrust ch^^ chamber inlet 

NASA-Z liner/nickel closeout assembly sur ^ inlet geometry and reduces inlet 

manifold is common with the tubular no rie wh.ch ‘3 coul J,flows toward the 

pressure drop. The coolant enters the Since the chamber is cooled with the entire 

injector where it discharges directly into e 1 J • h coolant exit pressure drop. The 

chamber flow, the esit manifold can be ehmnamd m ^ > dimrmttr of 23.79 

STBE unique gas generator has a throat diameter of 15.04 men 

inches and a contraction ratio of 2.5. 

at JSSkJIS 
following design guidelines. 

• Liner wall thickness > 0.35 in. 

. Passage aspect ratio < 5.0. 

• Passage land width > 0.050 in. 

. Cooling enhancement from passage curvature. 

1 i. aaU nlimKnP 0.5 a 
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6.0° on 9.702 in. R 
60 Elements on Outer 
Row Scarfed at 45° 


0.930 in. at 60° in Equally 
Spaced Triangle Pattern 
335 Elements in Field 



t .859 in. 


FD 359937 


Figure 4.1. 2.4-3. STBE Unique Gas Generator Main Injector Pattern 


Figure 4. 1.2. 4-5 summarizes the throat chamber contour and tube geometry. 

The hydrogen coolant enters the liner at 236 R and 4934 psia and exits at 430 R and 2589 
psia. The maximum predicted values of hot wall temperature and heat flux are 1530 R and 61.5 
Btu/in. 2 -sec, respectively. The flux highest calculated coolant Mach number is 0.2. The 
enhancement of the coolant side heat transfer coefficient at the maximum heat flux location is 
approximately 35 percent. Figure 4.1. 2.4-6 summarizes the predicted thermal performance 
characteristics for the thrust chamber. 


The mechanical description of the features of this combustion chamber are the same as the 
STBE Derivative Gas Generator combustion chamber. 

4. 1.2.4. 3 Torch Igniter — Gas Generator 

A continuous burning torch igniter was chosen for use in both the gas generator and main 
combustion systems because of the simplicity of the design and reliability in tests. The igniter 
configuration employed evolved from development efforts since 1957 at Pratt & Whitney and is 
based on experience gained from the successful ftLIO and XLR-129 engine programs. 
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In the gas generator, the torch is mounted in the combustor wall, two inches axially from 
e injector face, and expels the hot torch combustion gases at a right angle to the How path from 
the gas generator injector, thus providing safe, efficient, reliable ignition of the combustion 
system. In the main combustion chamber, the torch is mounted axially in the center of the 
injector, directing the torch down along the centerline of the combustion chamber. 


The construction of the torch assembly is discussed in Space Transportation Main 
Configuration Study P&W FR-19830-1, Volume II, page 93. 


Engine 


4.1. 2.4.4 Unique STBE Gas Generator Combustion System 


e , me ^ a "* ca ^ description of the features of this gas generator combustion system are the 
same as t e STBE Derivative Gas Generator combustion system. Figures 4.1. 2.4-7 through -10 
present the gas generator assembly, injector element and injector pattern design. 


4. 1.2. 4. 5 Mixture Ratio Trade Study 


n engine heat transfer trade study was performed to determine the effects of engine 
mixture ratio on thrust chamber and tubular nozzle performance in a L0 2 /CH, gas generator 
engine. Inlet mixture ratios of 3.0 and 3.57 were evaluated. The effects of increased mixture ratio 
on thrust chamber performance are a decrease in chamber flow rate and an increase in the 
pressure entering the inlet manifold. This increase in mixture ratio resulted in 14 5 percent 
increase in chamber heat transfer rate. 


The effects of increased mixture ratio on nozzle performance are a decrease in manifold 
inlet pressure, a decrease in nozzle coolant flow rate and an increase in temperature at the exit 
manifold The increase ,n mixture ratio resulted in an 11.5 percent pickup in heat transfer rate 
figure 4.1.2.4-11 summarizes these trends. 


4.1. 2.5 Nozzle 


4.1. 2.5.1 Unique STBE Gas Generator Regenerativeiy Cooled Nozzle 

The regenerativeiy cooled nozzle is constructed from 990 SPIF (Super Plastic Inflation 
ormed) tubes of AISI 347 stainless steel, surrounded by a structural shell of closed cell 
e astomenc foam with a filament wound composite overwrap. This shell is also designed to carry 
ai hoop loads. The regenerativeiy cooled nozzle is shown in Figure 4.1.2.5-1. 


The mechanical description of the features of this nozzle are the same as the STBE 
Derivative Gas Generator Regenerativeiy Cooled Nozzle. 
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Figure 4.1. 2.4-7. STBE Unique Gas Generator Assembly 
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Section A-A Section B-B 


Tangential Slots 
0.030 In. x 0.038 in. 

3 Places Equally Spaced 



Figure 4.1. 2.4-9. STBE Unique Gas Generator Assembly Injector Element 
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Figure 4.1.2.4-11. Effect of Mixture Ratio on Chamber and Nozzle Performance 
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Figure 4. 1.2. 5-1. STBE Unique Gas Generator Regeneratiuely Cooled Nozzle 
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Figure 4.1.2.5-2 summarizes the regeneratively cooled nozzle geometry. The nozzle is 
constructed of 990 super plastic inflation formed AISI 347 stainless steel passages that simulate 
tubes. The nozzle has a length of 38 inches, an inlet expansion area ratio of 5.48:1 and an exit 
expansion area ratio of 20:1. The nozzle passage dimensions are sized to meet the heat transfer 
and cycle requirements at the 750K lbf vacuum thrust at 2250 psia chamber pressure design 
point and reflect the following design guidelines. 

• Maximum stress < 0.2 percent yield strength. 

• Ultimate tube temperature margin > 375 R. 

• Coolant Mach number < 0.5. 

• Wall thickness > 0.013 in. 

• Wall temperature < 2260 R. 


The coolant enters the nozzle through the inlet manifold that is common to the thrust 
chamber and flows parallel to the gas path. The nozzle is cooled with 116 lbm/sec of fuel that 
enters at 236 R and 4925 psia and exits at 589 R and 4685 psia. The maximum levels of predicted 
hot wall temperature and heat flux are 1648 R and 8.7 Btu/in. 2 -sec, respectively. Figure 4.1.2.5-3 
summarizes the predicted thermal performance characteristics for the regeneratively cooled 

nozzle. 


4. 1.2. 5. 2 Film and Radiation Cooled Nozzle 

The film and radiation cooled nozzle is fed coolant from the L0 2 pump turbine discharge 
and is supplied to the nozzle through a circumferentially tapered toroidal manifold, which injects 
the coolant along the inner surface of the nozzle. 

The nozzle, shown in Figure 4.1.2.5-4, is constructed of a fine grained cast and HIP Inconel 
718 inlet manifold with fabricated toroidal structure (welded sheet metal) and a bolt-on 
columbium sheet metal nozzle. 


The STBE film/radiation cooled nozzle is 60 inches long and extends from an expansion 
area ratio of 20 to 35. Gas generator discharge flow is introduced as a film at the forward end of 
the radiation nozzle to provide film cooling. The film provides a thermal barrier between the gas 
path and nozzle wall, thereby eliminating the need for more complex cooling methods. The 
highest predicted nozzle wall temperature is 2100 R Figure 4.1.2.5-5 is a schematic showing the 
axial distribution of wall temperature and heat flux. 


4.1.2 . 6 Controls 

The description of the engine controls for the Unique STBE Gas Generator Engine is the 
same as the controls for the Derivative STBE Gas Generator Engine. 

4.1. 2.7 Engine Configuration and Integration 

4.1. 2.7.1 Unique STBE Gas Generator Engine Assembly 

The arrangement of the external configuration of the engine was based on optimization of 
component accessibility for routine component inspection, removal and replacement operations. 
Figures 4.1.2.7-1 and -2 show the side and top views of the engine assembly and its major 
components. 
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Figure 4.1. 2.5-2. STBE Unique Gas Generator Nozzle Cooling Design Configuration 
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Figure 4.1. 2.5-3. STBE Unique Gas Generator Nozzle Heat Transfer Performance Study 
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FigUre 41 2 - 5 ' 4 - ST BE Unique Gas Generator Film Cooled Nozzle 
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Figure 4.1. 2.7-1. STBE Unique Gas Generator Engine Assembly — Side View 
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Turbopumps are oriented on a vertical axis and cooldown recirculation valves have been 
eliminated, resulting in cooldown by percolation. Engine propellant inlets accommodate engine 
gimballing through the use of scissor bellows mounted directly to the pump inlets. A toroidal 
shaped POGO accumulator has been incorporated between the L0 2 pump inlet and the scissors 
bellows. The engine thrust vectoring gimbal is incorporated into the main injector thrust 
structure. The gimbal design is based on a ball and socket feature with a central through-pin 
which restrains torsional movement. A teflon inpregnated Fiberglass fiber woven fabric between 
the gimbal ball and main injector socket is used as a friction reduction medium to permit engine 
gimballing. Gas generator/turbine exhaust is used to provide coolant to the film cooled nozzle 
which is attached to the regeneratively cooled nozzle. 

All pneumatic and electrical interfaces are located at the engine interface plane, similar to 
the SSME. 

4.1,27.2 STBE Unique Gas Generator G0 2 Heat Exchanger 

The G0 2 heat exchanger is designed to provide gaseous oxygen to the oxygen tank for tank 
pressurization. The G0 2 heat exchanger uses the gas generator exhaust duct flow as the heat 
source to vaporize the liquid oxygen as shown in Figure 4.1. 2.2-1. The heat exchanger surface is 
provided by three Haynes 214 stainless steel tubes wrapped in parallel around the gas generator 
exhaust duct. The gas generator exhaust duct wall is made of beryllium copper with trip strip 
roughened walls to enhance the heat transfer. The tubes are packed in powdered copper to 
structurally isolate the tubes from the duct wall, while providing a good heat transfer medium. 
This heat exchanger design eliminates the possibility of accidental mixing of the oxygen and gas 
generator exhaust flow, thereby eliminating a category 1 failure mode. 

The G0 2 heat exchanger requires three 3/8-inch diameter tubes 50-feet long, wrapped 
around the 12- inch duct. The tubes have 0.015-inch thick walls and are separated from one 
another by 0.05 inches, requiring a total duct length of 2.03 feet. Figure 4.1. 2. 7-3 diagramatically 
presents the G0 2 heat exchanger geometry. 


The G0 2 heat exchanger has been thermally analyzed for the STBE engine operating point 
with an oxygen flow rate of 3.5 Ibm/sec. The heat exchanger is designed to supply 720 R oxygen 
to the tank. Figure 4.1. 2.7-3 also summarizes the predicted heat exchanger thermal performance. 

4.1.27.3 Engine Performance 

The STBE system performance was determined during the preliminary design using the 
accepted JANNAF methodology. Rigorous procedures have been established for use in 
calculating chamber/nozzle thrust and specific impulse. The steady-state design point computer 
simulation provided an initial match of components and definitions of mixture ratio, mass flow, 
temperature and pressure levels for the detailed performance calculations using the JANNAF 
methodology. Figure 4.1. 2.7-4 shows a flow schematic of the JANNAF performance prediction 
procedure followed during this Task. Performance was estimated for both the main chamber flow 
and the gas generator flow, which is dumped overboard during engine operation. Table 4. 1.2. 7-1 
lists the detailed performance estimates at the design power level (DPL) of 750,000 pounds sea 
level thrust while the normal power level of 625,000 pounds sea level thrust is given in Table 
4.1.2.7-2. Overall engine performance was calculated by mass weighing the main chamber flow 
performance with the gas generator flow performance. 
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Figure 4.1. 2.7-3. STBE G0 2 HEX Geometry and Performance 
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Injector and Chamber 
Physical Characteristics 


I 



• Designates JANNAF Computer Programs 

(1) Engine Steady-State Computer Program 

(2) Predicted Using Techniques and Programs Developed 

During Previous Rocket Engine Programs 

(3) Program Developed at P&W for Bell Nozzle Design 

Uses Method of Characteristics Calculations 

FDA 329889 


Figure 4.1. 2.7-4. Performance Prediction Procedure 
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Table 4.1. 2.7-1. Unique STBE Gas Generator Engine Performance 

Level 

Main Chamber Gas Generator 

Pressure — psia 

2395.9 

2281.2 

Mixture Ratio 

3.62 

0.288 

Area Ratio 

35 

5 

Ideal — sec 

365.2 

175.3 

A I #p ERE — sec 

-7.3 

0.0 

A I, p KIN - sec 

-0.6 

-4.2 

A I ip TDK — sec 

-3.1 

-3.8 

A I #p BLM - sec 

-1.7 

-0.4 

Del 1^ Vac — sec 

352.5 

166.9 

Flowrate — lb /sec 

2318.3 

144.5 

Vacuum Thrust — lb 

817,275 

24,118 

Vacuum Thrust — lb 
Vacuum Del. 1^ — sec 

Overall Engine 

— mjm — 

341.6 

S.L. Thrust — lb 
S.L. Del. I gp — sec 

750,000 

304.5 




R19691/47 

Table 4.1. 2.7-2. Unique STBE Gas Generator Engine Performance 

Level 

— Main Chamber Gas Generator 

Pressure — psia 

2054.1 

1720.7 

Mixture Ratio 

3.5 

0.223 

Area Ratio 

35 

5 

Ideal 1^ — sec 

365.4 

163.7 

A I sp ERE — sec 

-7.3 

0.0 

A I Bp KIN — sec 

-0.5 

-2.9 

A I, p TDK — sec 

-3.2 

-3.6 

A I,p BLM - sec 

-1.7 

-0.4 

Del 1^ Vac — sec 

352.7 

156.8 

Flowrate — Ib/sec 

1980.1 

115.4 

Vacuum Thrust — lb 

698302. 

18090. 

Vacuum Thrust — lb 
Vacuum Del. — sec 

Overall Engine 

716,392 — 

341.9 


S.L. Thrust — lb 
S.L. Del. 1^ — sec 

625,000 

298.3 



— Normal Power 


Rl 969 1/4? 


During this study, detailed aerothermal analyses were made to predict component 
performance levels and these were incorporated into a steady-state computer model of the 
complete engine. Simplified flow schematics are presented in Figures 4.1.2.7-5 and -6 with key 


162 


Rl Mi 1/46 


Pratt & Whitney 

FR-19691-4 
Volume II 

operating parameters noted for each thrust level. Tables 4. 1.2. 7-3 and -4 define performance of 
the individual components and their operating environments for the STBE at DPL (120%) and 
at NPL (100%) respectively. 

4. 1.2. 7.4 Engine Costs 

This section summarizes cost estimates for the 750K SL thrust, 2396 psia chamber 
pressure, Unique STBE Gas Generator cycle. Table 4.1. 2.7-5 summarizes significant costs for the 
engine. 

The DDT&E Cost includes all of the functions required to design, develop, test and 
evaluate the engine system. All of the DDT&E functions shown in the ALS engine WBS (see 
Volume III) have been included. Development Cost is based on a 90-month phase C/D program 
with 960 engine firings for the Unique STBE Gas Generator. Sufficient accountable firings have 
been included in the program to demonstrate 0.99 engine reliability with one failure. 

The engine Theoretical First Unit (TFU) production cost includes all the recurring 
operational production cost elements specified in the ALS engine WBS. It includes manufactur- 
ing and acceptance of the Integrated Engine System, System Engineering and Integration, 

Program Management, Facilities Maintenance and Tooling Maintenance. The TFU estimate is 
based on a lot size of 100 and a 90-percent learning curve. 

The Operations Cost per launch per engine includes all costs associated with the 
operational flight program as described in the ALS engine WBS. It includes Program 
Management, System Engineering and Integration, Facilities Maintenance, Operation and 
Support, and Training. The Operations Cost is based on a flight rate of 10 missions per year and 
it is the estimated cost that will be achieved after 100 total missions have been flown. 

4.1.3 Common STBE Gas Generator Cycle Engine 

4. 1.3.1 Engine Design Evolution 

The common STBE/STME Gas Generator Cycle Engine design has evolved from a 
388,000-pound (388K) sea level design thrust, very common engine to a higher thrust with 
considerable part commonality but minimal performance penalty to the STME. The common 
engine concepts were based upon the following guidelines during conceptual design studies: 

• Use unique STME hardware wherever possible for both the STBE and STME 
engines 

• Where unique STME engine hardware cannot be used for both engines, 
design the most common piece of hardware, while minimizing performance 
debit to the STME engine, i.e., main injector 

• Where a common piece of hardware could not be used, (such as the main 
combustion chamber), design a new part for the booster engine application, 
and use the unique STME design for the main engine application. 
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Table 4.1.2.7-5. Unique STBE Gas Generator Costs 

Total Development Cost (DDT&E), M$1329* 

Production Coat (TFU), M$11.2 
Operations Cost/Launch/Engine, M$0.150** 

Constant FY87$ 

* Applies to developing a stand-alone booster 
engine configuration. 

**Based on the 100th mission, 10 missions per 
year, and seven boosters per vehicle. 

Rl 969 1/47 

Four separate engine designs resulted from this commonality philosophy in the STME and 
STBE programs: 

1. Unique STME 

2. Common STME (similar to the unique STME with slight performance, 
cost, and weight penalties) 

3. Unique STBE 

4. Common STBE (significant performance penalty when compared to the 
unique STBE). 

The first common engine design, in which a common main combustion chamber was used, 
resulted in a low-thrust booster engine design. The engine external assembly and characteristics 
are shown in Figure 4.1.3. 1-1, for operation with both L0 2 /H 2 and L0 2 /CH 4 as propellants. 

This low-thrust level in the STBE that resulted from a most common STME/STBE engine 
proved to be unacceptable for use as an ALS booster engine. Therefore, design changes required 
to produce a 750K sea level thrust STBE engine resulted in a new design (but common) main 
combustion chamber and major pump housings. The engine assembly design and major 
characteristics are shown in Figure 4.1.3.1-2. Due to the higher fuel system pressures in the 
STBE cycle, the common chamber, controls, pump housings, and large ducting lines imposed a 
large weight penalty on the STME. The common STME thrust-to-weight ratio was approximate- 
ly 56.5:1, while the unique STME thrust-to-weight ratio was 85:1. The results of this study 
prompted P&W to back off on the second guideline, engine commonality, and design separate, 
unique main combustion chambers, major turbopump housings, and large ducting lines and 
controls for each engine. This engine assembly and major characteristics are shown in Figure 
4.1.3. 1-3. This engine design was further refined to minimize performance, cost, and weight 
penalties to the STME, while maximizing part commonality between the two common engines 
and maintaining STBE thrust at an acceptable level of 635K sea level thrust. A comparative 
summary of the major engine components for the Unique 580K STME design, the Common 
580K STME design, and the 635K STBE engine is presented in Table 4.1.3. 1-1. 

4.1. 3.2 Engine Cycle 

The STME/STBE common gas generator configuration, studied during the Phase A' 
contract, uses liquid oxygen and liquid hydrogen as propellants for the STME engine; while 
liquid oxygen and liquid methane is the fuel for the STBE engine. This engine operates at a main 
chamber pressure of 2250 psia at the Design Power Level (DPL) of 580K lbf vacuum thrust for 
the STME; and 635K lbf sea level thrust for the STBE. The STME engine has a fixed nozzle 
with an area ratio of 62:1 that delivers 440.0 seconds of vacuum specific impulse at DPL. The 
STBE engine uses an STME nozzle that is truncated at an area ratio of 35:1 and delivers 295.4 
seconds of sea level specific impulse. Figure 4.1.3.1-3 presents selected engine characteristics at 
the design power level for the STME/STBE Common engine. 
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Figure 4.1.3.1-1. STBE Gas Generator Common Engine at Normal Operating Conditions 



Propellants LO2/H2 L 0 2 /CH 
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Figure 4.1. 3.1-2. STBE Gas Generator Common Engine at Design Operating Conditions 



Propellants L0 2 /H 2 L0 2 /CH 
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Figure 4.1.3.1-3. STBE Gas Generator Common Engine at Design Operating Conditions 
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Table 4.1. 8.1-1. STME/STBE Common Engine and STME H 2 /0 2 Unique Engine 
Comparison — Common Hardware Evaluation 


Component 

Unique 

STME 

Common GG 
H 2 Engine 

Common GG 
CH 4 Engine 

Fuel System 
Pump 

Vent Valve 
Shutoff Valve 
Coolant Valve 
GG Control Valve 
Gas Generator 
Turbine 

Unique 

Unique 

Unique 

Unique 

Unique 

Unique 

Unique 

New Design 
Same as CH 4 
Same as CH 4 
Same as CH 4 
Same as CH 4 
New Design 
New Design 

Same as H 2 
New Design 
New Design 
New Design 
New Design 
Same as H 2 
Reblade From H 2 , 
Same Housings, etc. 

Oxidizer System 
POGO Suppressor 
Vent Valve 
Main Valve 
Heat Exchanger 
Turbine 

Common 

Unique 

Unique 

Common 

Unique 

Same as STME 
Same as CH 4 
Same as CH 4 
Same as STME 
New Design 

Same as STME 
New Design 
New Design 
Same as STME 
Reblade From H 2 , 
Same Housings, etc. 

Chamber and Injector 
Injector 

Regeneratively Cooled 
Nozzle 

Film Cooled Nozzle 
Igniter 

Combustor 

Unique 

Unique 

Unique 

Common 

Unique 

New Design 
New Design 

New Design 
Same as STME 

New Design 

Same as H 2 
Same as H 2 

No Additional Nozzle 
Same as STME, Modified 
Flow Control Orifices 
New Design With 
Acoustic Liner 

Controls 
Instrumentation 
Engine Controller 

Common 

Common 

Same as STME 
Same as STME 

Same as STME 
Same as STME 
Software Change 

Engine Assembly 
Engine Ducting 

Vehicle Interfaces 
Gimbal 

50% 

Common 

Common 

Common 

50% Same as STME 

Same as STME 
Same as STME 

Same as H 2 

Same as STME 
Same as STME 
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The benefit of engine commonality is the reduction of manufacturing costs. The common 
hardware between the STME/STBE Common gas generator engines are as follows: pumps, 
turbines, gas generator, combustor, nozzle, igniter, injectors, controls, G0 2 heat exchanger, L0 2 
POGO suppressor, L0 2 vent and main valves. However, some modifications had to be made and 
are: restaggering of STBE turbine blades; truncation of the STBE nozzle at an area ratio of 35:1; 
change fuel orifices in the STBE injector; and some software changes in the engine controller. 

4.1. 3.2.1 Flow Path Description 

A simplified flow schematic for the STME/STBE common engine is presented in Figure 
4.1.3.2-1, showing the major flowpaths and components. 
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FlgUre 4 13 2 - L Simplified. Flow Schematic for STME/STBE Common Gas Generator Cycle Engine 
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I imiid oxveen enters the engine at a net positive suction head (NPSH) level, supplied by 

pump; thus boost pumps are not required for this system. 

At the Design Power Level for the STME (STBE), the fuel pump operates at 21,660 » rpm 
110 478 ml) to provide e fuel pressure level of 3456 psi. (4710 pel.) reqmred by the cycle. From 
\ ^ , A i a Q fkrnucrh the fuel shutoff valve to a split manifold at the inlet of the 

percent (456 percen.l of the fuel!, user l ,0 

£E3^ 

The hieh-Dressure oxidizer pump operates at 6435 rpm (7500 rpm) to provide the oxygen 
pressure level ~ ‘^"o^ £ £ SU 

The remainder of the oty g en nows rh,ou g h 

the oxygen gas generator control valve before being injected into the gas generator. 

The gas generator provides 1175 psia (2400 psia), 1800 R gas to drive the high-pressure 
orooellant pumps The hot gas is initially expanded through the fuel turbine and is subsequen y 
routed to a second turbine which powers the oxygen pump. The turbine exhaust gas i » the 
expanded through an area ratio of 5:1 to atmospheric pressure; thus providing additional 

to the overall engine output. 

Some kev desikn conditions for the turbopumpe end chamber are listed in Table 4.1AM. 


Table 4. 1.3.. 2-1. Common STME/STBE GG Design Conditions 


HPFTP 

Pressure — psia 
Maximum Speed — rpm 
Turbine Temperature — R 
Pump Stages 
Turbine Stages 
HPOTP 

Pressure — psia 
Maximum Speed — rpm 
Turbine Temperature — R 
Pump Stages 
Turbine Stages 
Heat Transfer 
Chamber Pressure — psia 
GG Pressure — psia 
Chamber Heat Pickup — btu/sec 
Chamber Coolant Flow — lbm/sec 
Nozzle Heat Pickup — btu/sec 
Nozzle Coolant Flow — lbm/sec 


STME STBE 

3466 4710 

21660 10478 

1800 1800 

2 2 

2 2 

2784 3336 

6436 7600 

1317 1624 

1 1 

2 2 

2260 2260 

1175 2400 

78,048 58,849 

133.1 246.5 

51,625 68,216 

66.8 294.4 

’ ' R 19681/47 


4.1. 3.2.2 Engine Operation 


The engine will be preconditioned using liquid flow from the tanks to soak the turbopumps 
until they are sufficient!? cooled. The inlet valves will be opened, allowing liquid from the tan 
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„ flow down to ft. turbopumps and letting any vapors » ^ up to ft. tank «» b. 

vented. 

The engine start is a timed toel in the 

propellant ignition. The oxidizer lea w (|q1J|d The transition occurs prior to 

- - • - th - - 

With the oxidizer lead se q uence, the 

the fuel shutoff valve to ensure liquid oxygen flow, ehmi^ turbopu mp rotation before 

oxygen phase change. A helium spin » • Use ' ^ shutdown , . smal l helium 

^SSSitlS spark-excited, oxygen/tuel torch igniters. 

Main stage engine operation ,s *■*£%£* 2^5:^ 
(FGCV). the oxygen gas generator contro valv [>ti0 . Thrust mid main 
shown in Figure 4.1.32-1 are u« d totet the engi ^ M0V and 0 GCV, respectively, 

chamber mixture ratios are aetontto ground by g „ operate by hydraulic 

The gas generator mixture ratio is set using the ruov. 

actuators. 

Engine acceleration is accomplished by to full thrust is also 

commanded starting level (20 percen pow . s b ut d own i 3 accomplished using a time- 

accomplished with open-loop ^ ve SC valv U e 1 s T E he 0 GCV is closed first to power down the 

Xutptthe»l« MOV do«s. followed by shutting off the Mel system. 

■n addition to a normrd b^u,"”” 

resulting from detected problems or L0 2 starvati 

4.1.3 . 3 Turbomachinery 

4.1. 3.3.1 Oxidizer Turbopump 

The mechanical description of ^ he J' eatUre3 p f ^ 3 4^3 ^ 1 ^ 0 ^ the oxidizer turbopump 
Derivative Gas Generator Oxidizer Turbopump. Figure 4.1.3.3 

and its major components. 

The P&W Advanced Launch ^ analytical 

cost rocket engine turbopumps. Pratt & Wh y P ne rotors and rocket engine 

methods in the design of xygen Turbopump (CGGOT) and Common Gas 

turbopumps. Each Common Gas incorporates configuration changes which result in 

Generator Fuel Turbopump (CGGFT) design vn P° fche addition 0 f roughened stator 

stiffer rotors, bearings, and rotor suppo ^ porte d by strategically located, stiff, 

damper seals. For optimum rotordynamics, improvement to the first fundamental 

durable bearings. These changes result in as gn ^ mftiimum operft ting design speed. This, in 
bending mode of the rotor, moving i Jf results in an effective low speed balance of the 

addition to an improved rotor balm.ee “ G GOT and the CGGFT have been 
rotor for low synchronous response. Rotor staDi y 
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Increased .tehS"’”® — ,Urbo P um P‘ “ °P“« e ■»>»» ‘he first vibrational mode „f lhe roto[ 

*4n?s rzr wrbopump ,s prcvided * the introd “ io " ° f »*»»* 

™ZZ1o nlZ? P ' im “ ,r ®Z ” the de8isn ° f the CG00T hi ™ » provide: (1) 
synchronous Jportee, (T.7ufb" ® " '°" 

Meeting these provision, ha, required optiZtio 


ch,ne^t turt r d 

bearing stiffrZ^Tre 8 !^ 6 ** 1 ^k^ 13 ^ 1)6611 USed 10 Set initial desi ^ n requirements for each 
mimmal internal radial dear«mce^ 

w,h stiff Zr e“^ 

successful rotordynamics criteria are met for this application. 

Rotordynamic stability analysis will be used as a design tool to determine the final damn., 
seal configuration requirements for optimized system dynamics. However ^ the CGGOT 
designed such that damper seals are not critical to the dynamics of the Zr system Each oLe 
seals is designed for high damping, moderate stiffness, and minimal , 

2= ? ~ — -zr = 

ha la nr pH Z , 7' 1 ditl0n l each major rotating component will be dynamic check 

balanced ,n detail to provide minimal residual force and moment imbalance ThTdZ 

b,la "“ P f the »•» — ■* -IB be cou.pl.ted rvith «*jt ^ ic 

thm , J. h ' f GG0T d ' si8 " P'PP” 8 * 1 ky P*W results in ^cepteble retordyuamic chruacteristics 
0Pei ™ nge ' Tl “ kghtweight stiff rotor aod be«iug design 

=if^rz® th zr mhro - 
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(RPM - 7404) 


A 


critical speed summary lor the CGGOT is provided below. 


w rr 

% Design 

% Rotor Strain 

rv cr 
(rpm) 

Speed 

Energy 

7404 

99 

4.6 

14182 

189 

4.5 

57816 

770 

84.4 


Mode 

De scription 
Pump Pitch 
Turbine Bounce 
1st Bending 


4.1. 3.3.2 Fuel Turbopump 

The mechanical description of the ° f 4^3 ^ghoSSST the fuel turbopump and its 

Derivative Gas Generator Fuel turbopump. Frgute 4.1.3.3 sno 

major components. 

Rotordynamics - The three primary goals ™ a h h V ighTntegrity rotor 

(1) a subcritical rotor design, (2) a su lcie OD timization of the mechanical design of the 

*—« lo, successful rotordynamic 

characteristics. 

, . f frViA rr GFT design has moved the fundamental rotor bending mode 

The initial phase of the CGGVT de^S above the design speed. Consequently, the 

(with high rotor strain energy) imbalance is almost completely eliminated. The 

synchronous resonant response due to the rotor rotor 3train en ergy rigid 

tTo modes occurring at 50 and » !»«*£ the opening sp ^ ^ ^ , 6 ^actively, 

body pitch and bounce modes of the rotor, as snown in 
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Fieure 4., .3.3-3. 

(RPM = 14182) 

Rotor bearing stiffness plays iTlirTtht ^Tfor the 

turbomachinery. In high-pr^re rocket^J^ ^5 ^ to approach or 

-- stI8in 

The rotor critics, speed analysis 

hewing stiffness. The pump a. d bearing ^Z at high load capacity 

minimum IRC and deadhmid The turbine bearing DN experience 

ar ps^r. *« design in «. «**». — - 

successful rotordynamic design criteria are met. 

* j • .u pppft Hesim of Phase A, namely, moving the 

rigid body arST- ? theming 

impeller interstage locations will improve stability. 

Rotordynamic stability analysis will be used a^a^s^^x^ to however> ha3 been 

seal configuration requirements for optimized sy ^ the dyna mics of the rotor system^ 
designed such that the damper seals are n f design. Each of the seals is designed 

Roughened stator damper seals are of damper seals in 

for high damping, moderate stiffness tto operating range resulting 

the turbopump provides reduced synchronous P 3uff J cient g margin on the OSI, and additional 

“tie. on the interstage dmnper sea, locations will be presented 

in design Phase B. 
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56 . 


Figure 4.1. 3.3-5. 


c --“ *-* ^ 

(RPM = 11079 ) f ^ R ° t0r at 50% Des ^ Speed 


0000^“ “ S *"< ““*« - * - CGGFT are ideate re those Med f „ „ e 


A critical speed summary for the CGGFT is provided below. 


W 

cr 

(rpm) 

11079 

18858 

41411 


% Design 
Speed 

50 

90 

197 


% Rotor Strain 

Ener gy 

10.0 

10.0 

75.0 


Mode 

De scription 

Pump Pitch 
Turbine Bounce 
1st Bending 


4. 1.3. 4 Combustor 

inieCt0r “ d acoustic 

rized in elemenVis^L^su^I! 

percent characteristic velocity efficiency specified for the STrVTTT required to meet the 98 
•a required by the STME engine to meet a^9 3 n /°I J £ TBE ' A sl,ghtly hi & her L* (37 inches) 
the STBE engine, higher pressure Sops « £££ tZ'TZ ^ "" ** S ™ E ^ * 
designed for the STBE engine alone. ““ W0UJd n ° rmaJly * set for injectors 
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56 - 


FO 363179 


. 18858,) 



31.0 

37.0 

429.5 

256.6 

165.0 

169.4 

1583.1 

319.3 

1112.1 

156.4 

376 

376 

0.448 

0.448 

0.03 

0.03 

Rwaai/i'J 


Chamber L* 

Fuel Flow-lb/9ec 

AP Fuel*pai 

L0 2 Flow-lb/sec 
AP L0 2 pai 

No. of Elements 

Spud ID-in. 

Annular G 

•« Tahl® 4 1.3.4-2. This liner will provide 

The common STBE acoustic liner ^at gnn '^.l \ mv/ ' ,1421 He) of the combustron 

21 percent acoustic absorptran at the first tangent 
chamber. 

4.1M.1 common STBE Gas Generator Ma/n ,n,ecmr 

The mechanical description of the feX^oTthat^I ^tor has a toroidal fuel 

^ — * toiK “' element “ d 

injector pattern, respectively. 
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Table 4.1.3.4-2. Common STBE Acoustic Liner Design 


Chamber Pressure -psi 
Aperture - Gas Temperature-' R 
Aperture - Gas Molecular Wt. 
Hole Diameter-in. 

Hole Length-in. 

Area Ratio 

Backing Cavity Depth-in. 

Liner Length-in. — 


2250 

2000 

22.3 

0.1 

0.35 

0.05 

0.60 

3.9 

R19WI/47 


4.13.4.2 Common STUB Gas Generator Combustion Cbnmtx, 

. _. „ a i o , 4 i3 reeeneratively cooled by fuel from 

The combustion chamber, showu in F.g»« > « .3.4 ™ ^ cooling jacUet through the 

the pump discharge (high pressure). T e forward, counter to the gas path flow, to 

inlet manifold below the throat ' The coolan interface internal manifold, and 

- -- - - the throat ” here wll ‘ heat 

flux is highest. 

The STBE common thrust chamber M^^nterfafe locations and 

that are common with the STME B 83 8*"" ^ identical with those of the ST ME design, 

diameters for the STBE were therefore ™n l*ne<Ud ^ „„szle interface 

These included injector diameter. Because of the basic differences in propellant 

diameter and overall thrust timber length. hetwMn the STBE and STME 

performance characteristics and .» t chamber geometry and cooling passage 

engine, it is not possible to -- — ud. 
characteristics for the two designs. The Both designs use the entire thrust 

the STBE thrust chamber is also a «ota f onflguratio n that discharges the heated fuel 
chamber fuel flow for cooling in a 4 T“ ames th^major common geometrical charactens- 

directly into the injector. Table 4.1A4-3 su ^he therma l design features and predicted 

tics and differences for the designs are presented below, 

thermal operating characteristics of the two tnru 

4 1. 3.4.2. 1 STBE Common Thrust Chamber 

The thrust chamber features a chmnbM ha^an injector diameter of 

closeout assembly surrounded by a ^turd^^k ^ rfttlo of 2 . 0> and extends to an 

20.406 inches, a throat diamete^ r^of ^ ^ with the regeneratively cooted _nozzle^ The 

expansion area ratio of 4. - transfer and cycle requirements of the STBE y 

PuTnl and . uhumbur prusuum of 2250 pel. while muinlmning 

following design criteria: 

. Wall thickness — 0.030 inch 
. Passage land width — 0.050 inch 
• Passage depth-to-width aspect ratio 

: XT*— ir— — - 

. rWilimr Mach number < 0.5. 
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Sect A-A 



Sect B-B 



Figure 4.1.3.4-2. 


STBE Common Goo Generator Main Injector Element With Fuel 
Manifold 


Figure 4.1.3.4-5 summarises the STBE common thrust chamber eontou, and pa S »g« geornet^. 

The coolant enters the liner at the the 

elite at the forwani end ot the thrust chambe r « 531 Btutd 2^1 ^ ^ ^ ^ 59 , 

percent thrust design point. 
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4.1.3.4.2.2 STME Common Thrust Chamber 


Uner/nkk^lo^^it^eaibty'smroij^^ b^rstmct^f^k^^^ham^Hi' 8 * 1 ' 11 ^ A .^ A 

^riLTLT’ * 

nozzle. The coolant passages are sized to meet the h W * h the ^gneratively cooled 

STME cycle at a vacuuTth^t of a T***' “ d 4 * cb r ^«“ents of the 

maintaining the foZ^ criteria ^ ^ P "“ ° f 2250 ^ ^ile 


Wall thickness — 0.030 inches 
Passage land width — 0.060 inches 

Passage depth-to-width aspect ratio 5.0 

Wall temperature — 1400 R 

Cooling enhancement from coolant passage curvature 
Cooling Mach number < 0.5. 


Figure 4.1.3.4-7 euuuearizee the STME ootereon three, chtueber contour „ d passllge 
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Figure 4.1. 3.4-4. STBE Common Gas Generator Combustion Chamber With Inlet Manifold 
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Table 4. 1.3. 4-3. Thrust Chamber Characteristics for STBE and STME Applications 



STBE 

STME 

Identical Features 

Chamber Pressure — psia 

2250 

2250 

Injector Diameter — in 

20.406 

20.406 

Chamber/Nozzle Interface Diameter — in 

32.214 

32.214 

Overall Length — in 

36.400 

36.400 

Differing Features 

Chamber Length — in 

22.000 

20.360 

Throat Diameter — in 

14.430 

12.906 

Contraction Ratio 

2.0 

2.5 

Characteristic Length, L* — in 

39.6 

43.5 

Acoustic Cavity 

Yea 

No 

Coolant 

CH 4 

h 2 

Coolant Flow Rate — lbm/aec 

334.3 

133.1 


R19681/47 


The coolant enters the liner at the nozzle interface location at 80 R and 3314 psia and exits 
at the forward end of the thrust chamber at 153 R and 2486 psia after passing through the 272 
machined coolant passages. The maximum predicted heat flux to the wall is 62.4 Btu/in. 2 -sec at a 
location one inch upstream of the throat; the enhancement of the coolant heat transfer 
coefficient at this location is 7.3 percent. The maximum coolant Mach number is predicted to be 
0.30. Figure 4.1. 3.4-8 presents the predicted thrust chamber cooling performance at the 100 
percent thrust design point. 

4. 7.3. 4.3 Torch Igniter 

A continuous burning torch igniter was chosen for use in both the gas generator and main 
combustion systems because of the simplicity of the design and reliability in tests. The igniter 
configuration employed evolved from development efforts since 1957 at Pratt & Whitney and is 
based on experience gained from the successful RL10 and XRL-129 engine programs. 

In the gas generator, the torch is mounted in the combustor wall, two inches axially from 
the injector face, and expels the hot torch combustion gases at a right angle to the flow path from 
the gas generator injector, thus providing safe, efficient, reliable ignition of the combustion 
system. In the main combustion chamber, the torch is mounted axially in the center of the 
injector, directing the torch down along the centerline of the combustion chamber. 

The construction of the torch assembly is discussed in Space Transportation Main Engine 
Configuration Study, P&W FR-19830-1 Volume II, page 93. 

4.7. 3.4.4 Common STBE Gas Generator Combustion System 

The mechanical description of the features of this gas generator combustion system are the 
same as the STBE Derivative Gas Generator combustion system. The gas generator assembly 
and injector element are shown in Figures 4.1. 3.4-9 and -10, respectively. 
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Figure 4.1. 3.4-6. STBE Common Gas Generator Chamber Heat Transfer Performance Summary 
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Figure 4.1.3.4-7 \ STME Common Gas Generator Chamber Cooling Configuration 
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Figure 4.1.3.4-8. STME Common Gas Generator Chamber Heat Transfer Performance Summary 
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Figure 4.1. 3.4-9. STME Common Gas Generator Assembly 
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Section A-A Section B-B 


Tangential Slots 
0.030 in. x 0.036 in. 

3 Places Equally Spaced 



Figure 4.1.3.4-10. STME Common Gas Generator Injector Element 


4.1.3. 5 Nozzle 

4.1. 3.5.1 Common STBE Gas Generator Regenerativeiy Cooled Nozzle 

The regenerativeiy cooled nozzle, shown in Figure 4.1.3.5-1, is constructed from 150 SPIF 
(Super Plastic Inflation Formed) tubes of AISI 347 stainless steel, surrounded by a stmctu d 
sheUof closed cell elastomeric foam with a filament wound composite overwrap. This shell is also 
designed to carry all hoop loads. 


The regenerativeiy cooled nozzles for the STBE and STME common gas generator designs 
are dimensionally identical both in contour and coolant passage detail. The nozzles are 
constructed of 750 super plastic inflation formed (SPIF) AISI 347 stainless steel passages tha 
“SfSl The nLlec me 74.! inches long. have an inlet dimeter of 32. 220 inches and 
exit diameter of 85.380 inches, accounting for the difference in throat diameters of the STB 
STME thrust chambers. The nozzles provide expansion from an area ratio 0 ( * • 

for the STBE and from (6.23 or 6.16) to 44 for the STME. A counterflow routing o the ga 
generator fuel flow is used for cooling. The nozzle coolant passages were sized to meet the . more 
demanding requirement of the STBE cycle and thermal environment at a 635K P oun ^ se ^ leve ' 
thrust with a chamber pressure of 2250 psia. The following design criteria were used for the 

nozzle: 


• Wall stress — 0.2% yield stress 

• Wall thickness — 0.020 in. 

• Wall temperature — 1688 R (STBE) 

• Ultimate tube temperature margin — 563 R (STBE) 

• Coolant Mach number — 0.5. 
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Figure 4.1.3.5-2 summarizes the regeneratively cooled nozz g 

For the STBE application “fflR ^dTaa^psTa^The maximum 

the nozzle passages at 234 R&n R ^ the maximum predicted heat flux is 10 Btu/in. -sec. 

under the STBE operating conditions. 

Figure 4.13.5-4 presents 

wall temperature is 1305 R ana tne m 

4.1. 3.6 Controls 

, r ■ i p„ mmnn STBE Gas Generator Engine is the 
STBE 044 Generator En*ne. 

4.1.3.7 Engine Configuration and Integration 

4.1. 3.7-1 Common STBE Gas Generator Engine Assembly 

The mechanical in FigUrCS 

Generator Engine Assembly. The siae ana P 
4.1.3.7-1 and -2, respectively. 

4. 1.3.7. 2 Engine Performance 

The Common STME/STBE syetemi^rforE^me^wM^deterauMd^^>nK^Ee^P^|i™^^ 

design using the accepted JANNAF me o^ .* in , pulse . The steady-state design point 

use in calculating chamber/r locale th™t »d sp B ^ ^tions of mimure retro 

computer simulation provtded an mitral match P» performance calculations using the 

mass flow, temperature mid ^otthe^tic of the JANNAF performance 

JANNAF methodology. Figure 4.1.2. Performance was estimated for both the me* 

prediction procedure followed during th» ove , board during engine operation 

chamber flow mid the gaa generamr ^ estimates at the Design Power Uvel 

Tables 4.1.3.7-1 and 4.1.3.7-2 list the detm'ed pe the main chamber flow 

,DPL). Overall engine performance was calculated by 
performance with the gas generator flow performm.ee. 

During thi. study, detailed .WyXt 

performance levels and these ” ““ t 4.1.3.7-3 mid -4 with key 

complete engine. Simplified 0°” " d4 1 3.7-4 define performance of the individual 

-- “ STME/STBE engines at the., 

Design Power Levels. 
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Figure 4.1. 3.5-2. STBE Common Gas Generator Nozzle Cooling Configuration 
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Figure 4.1. 3.5-3. STBE Common Gas Generator Nozzle Heat Transfer Performance During STBE Operation 
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Figure 4.1. 3.7-1. STBE Common Gas Generator Engine Assembly - Side View 
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Table 4.1'3.7-1 

56 0,000- 

presaure — P 3ia 
Mixture Ratio 
Area Ratio 


Common STBE Performance 



A I ip ERE - 
A l, p KIN - 360 
A I, p TDK - ^ 

A I, p BLM — sec 
Dei. 1* Vac - sec 
Flowrate — lbm/sec 
Vacuum Thrust — ibf 

Vacuum Thrust ihf 
Vacuum Del- I>p 390 

S.L. Thrust — Ibf 
S.L. Del- I.d 91)0 _ 


669,113 


Overall Engine 
580^000 
440.07 

460,921 

349.72 


TM e 



lt pERE 

A I.p KIN 
A I* TDK 
A I,p BLM 
Del I,, Vac — ^ 
Flowrate — Ibm/aec 
Vacuum Thrust — Ibf 

Vacuum Thrust ^ 
Vacuum Del. I«p ^ 
S.L. Thrust — Ibf 
SI. Del. I, 


Overall Engine 

719,036 

334.46 

635,008 
296.37 
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Table 4. i. 3* 7-3. 


STME Common Engine Performance 


— Normal Power Level 


**’ PRATT l HHITNLY * 

* GAS GLNl.RATOR CtClE OTF-OtSlCM DICK - 

* Si ME ENG1NL STUDY 
„*************'****'************' 


ENGINE PERFORMANCE 

*«****««* 


960921. 

SEA LEVEL THRUST 

990-07 

VACUUM IMPULSE 

399.72 

SEA LEVEL IMPULSE 

total engine inlet flow pa 

OVERALL ENGINE MIXTURE RATIO 

1322 1 
6.00 


***** m ************ 2250.0 

PRESSURE 6S86.9 

1 EMPERATURE 569173. 

THRUST 999.86 

IMPULSE 1279.5 

FLOW RATE 130.7V 

THROAT AREA 62. 

NOZZLE AREA RATIO 6.65 

MIXTURE RATIO 0.980 

NOZZLE EFFICIENCY 0.993 

CSTAR EFFICIENCY 


ENGINE HEAT TRANSFER 

»*.itK**»»* , * , * f '* #,< *'** 

*m*««** m * 0> ^ 

chamber coolant ot 
chamber Q 

^ZZLE COOLANT OP 

nozzle coolant ot 
nozzle Q 

GAS GENERATOR PERFORMANCE 

pressure 

temperature 

thrust 

impulse 

FLOW RATE 
MIXTURE ratio 
nozzle efficiency 

NOZZLE GAS CONSTANT 
NOZZLE GAmA 

nozzle area 


r A a * * ** 

169. 
78098 . 
?53 . 
293. 
51625. 


1175.5 
1800 . 0 
10826 . 
281.03 
38.5 
0.833 
0 . 980 
617.0 


55 


380 

5 



STATION 
##****-* 
main PUMP INLET 
1ST STAGE EXIT 

main plup exit 

FSOV INLET 
FSOV EXIT 
CHAM/COOL INLET 
CHAM/ COOL EXIT 
CH INJ TNlET 
noz/cool INLET 
noz/cool exit 

FBP INLET 
FBP EXIT 
TAf* PRESS OUT 
TM* PRESS IN 
FGCV INLET 
FGCV EXIT 
GG INJ INLET 


engine station CWDI ^9® hhh , 

SYSTEM CONDITIONS * OEMS in 

TEMP FL0H ^^Z****************** 

£ ^ hhhhhh ^^ 

37.0 188.9 -108. Z 

53 . 0 188.9 
188.9 
188.9 
188.9 
133.1 
133.1 
167.3 

55.8 
55.8 
39.2 
39.2 
0.6 
0.6 
21.0 
21.0 
21.0 


29.5 

1716.1 

3956 . 5 

3388.5 

3355.1 

3313.5 
2998.7 
"2919 . 9 

3286 . 9 

3033.9 
3033.9 
2998. 7 
2993.1 

29.5 

2993.1 

1277.9 

1269.0 


78.3 

78.9 

79.2 
79.6 

293.6 

260.2 

79.8 

323.2 

323.2 

329.6 

323.3 

326.2 

323.3 
326.2 
326.2 


-108. Z 
- 10.8 
87.8 
87.8 
87.8 
87.8 
679.2 
791.6 
87.8 
1013.7 
1013.7 
1013.7 
1013.7 
1013.7 
1013.7 
1013.7 
1013-7 


9.39 

9.51 

9.61 

9.57 

9.56 

9.59 

1.63 

1.52 

9.52 
1.99 
1.99 
1.29 
1.98 
0.01 
1.98 
0.69 
G . 68 


, OXIDIZER SYSTEM CONDITIONS » 


STATION 
*** ****** ********* 
main PUMP INLET 
main PUMP E* IT 
GOX HEX IN 
TAf* PRESS IN 
MOV INLET 
MOV EXIT 
CH INJ INLET 
OGCV INLET 
OGCV EXIT 
G G INJ INLET 


PRESS 

MHt** 

97.0 

2783.9 
2728.0 

97.0 

2728.0 

2955.5 

2906.9 

2695 . 6 
1293.3 
1257.1 


TEMP 

:**"*** 

169.0 
177.5 
177.7 

720.0 

177.7 

178.8 

179.0 

178.0 

183.0 
183-1 


FLOW 

HHHHrt 

1133.3 

1133.3 

3-6 

3-6 

1112.1 
1112 . 1 
1112.1 
17.6 
17.6 
17.6 


EKTHALPY DEtCSlTY 

****** I ********** 

61.6 
71-9 
71.9 
275.9 
71.9 
71.9 
71.9 
71.9 
71.9 
71.9 


** 

71.17 
71.97 
71.39 
0.22 
71 . 59 
70 . 08 
70 . 90 
71.26 
b9. 10 
t>9 .03 


STATION 

**** *** *********** 
fuel turb inlet 
fuel TUWB exit 

l OX TURB INLET 
l OX TURB EXIT 
NOZZLE INLET PRES 


* GA 
PRESS 


GEN SYSTEM CONDITIONS * 
TEMP FLOW 

1800 . 0 
1316.6 
1316.6 
1169.9 


1152.8 
250.7 
2 38.3 
132.0 
125.5 


38.5 

38.5 

38.5 

38.5 
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Table 4.1. 3.7-3. 


STME Common Engine Performance 
( Continued ) 


Normal Power Level 


* „ PRATT & HHZTNEY * 

* GAS CO* RAZOR CYCLE Off -OESICN DECK * 

STHE EMi; I/* ST1J0Y » 


******** *-**#*#*-» 
* FUEL TURBINE # 

********* * X K X »** 


******* x**#^ 

* Ft*L PUMP * 
ft************ 


stage ONE 
«****«« 
0. 787 
27822 . 
21660 . 
20.3 
2.74 


efficiency itxt) 
horsepower 

SPEEO (RPM) 
s SPEEO 

S DIAMETER c JH 

MEAN DIAMETER (INJ 71.12 
7EL. RATIO f AC IUAL ) 0 39 

«AX TIP SPEED 

blade height 

AN SQUARED 

effective area 

fpes. RATIO (T/ T) 

GAS CONSTANT ( FT J 
GALfrlA 


2066 
O. 72 
224 . 1 
7.53 
2.10 


STAGE TWO 
********* 
0. 767 
24579. 
22660 . 
29.9 
2.00 
21.12 
0.42 
2121 . 
1.30 
404.7 
14.64 
2. 

416. 97 
1-3611 


. 19 


EFFICIENCY 
HORSEPOWER 
SPEEO <RPM> 

NPSH (FT) 

SS SPEEO 
S SPEEO 
HEAD (FT I 
DIAMETER < IN ) 

TIP SPEEO ( F T/SFC ) 
VOL FLOW 
HEAD COEF 
FLOW COEF 


STAGE OF 
******** 
0. 716 
26039. 
21660. 
277.8 
42221. 

846. 
54313 . 
13.69 
1768. 
19329. 
0.5464 
0.0700 


* LOX TURBINE * 
********** **,* * 


STAGE ONE 
********* 
0. 776 
7871. 
6435. 


STAGE TWO 
********* 
0. 710 
7815. 
6435. 


******** **** 
* LOX PUMP * 
************ 


24.0 

25.6 

1.67 

1.57 

26. 90 

26.90 

0.28 

0.28 

801. 

833. 

1.60 

2.75 

56.0 

96.2 

35.48 

43.60 

1.31 

1.37 

416.97 

1.3763 

* VALVE DATA * 


EFFICIENCY 

horsepower 

SPEED J RPH ) 

NPSH f FT I 
SS SPEEO 
S SPEED 
HEAD (FT I 
OIANETER (INI 
TIP SPEEO (FT/SEC 
VOL FLOW 
HEAD COEF 
FLOW COEF 


EFFICIENCY (T/T) 
HORSEPOWER 
SPEED l RPH) 

S SPEED 
S DIAMETER 


MAX TIP SPEED 
BLADE HEIGHT 
AN SQUAREO 
EFFECTIVE AREA 
PRES. RATIO (T/T) 
GAS CONSTANT (FT) 

gamia 


station 

******** 

fuel shut off vlv 
fuel BYPASS 
fuel gg valve 
main oxid valve 
LOX GG valve 


STATION • IKAECTO, DATA , 

*************_* AREA flow X DELP/P 

FUEL GG INJ “ c ************************* 

665 +-071 21.0 7 


0.725 

15687 . 

6435. 

62.4 

26496. 

850. 
5520. 
19.56 
I 550. 

7147. 

0.5869 

0.1231 



fuel CH INJ 
LOX GG INJ 
LOX CH INJ 


169 

81. 

156 . 


15.11 

0.350 

15.80 


167.3 

17.6 

1112.1 


00 

.00 

49 

50 


stage two 
********* 
0.715 
26362 . 
21660 . 
49358.3 
1121 . 
827 . 
54911 . 
18.69 
1768 . 
187 78 . 
0.5524 
0.0680 
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Table 4.1. 3.7-4. STME Common Engine Performance — Design Power Level 


***»«««**« ****** ********** ************* 



* 

PRATT i 

HH 11 Nfc Y * 



* GAS 

GENERATOR CYCLE OFF DLSIGN OECK * 



» 

ST BE ENG 

INE STUDY * 



***** 



CNGINE 

PERFORMANCE 


ENG IFYE HEAT TRANSf LR 


*********** ******* ******-*********** ******* 

nr * *** * * * * * » ***************** k * x. * # 

** * ft* *** 




\* k T r "‘‘ 

-trim. 

SF A LEVEL THRUST 


615008 . 

CHAMBER COOLANT DT 

265 . 

VACUUM IMPULSE 


334.45 

CHAMBER Q 

58349 . 

SEA LEVEL IMPULSE 


295.37 

NOZZLE COOLANT OP 

338 . 

TOTAL ENGINE INLET 

FLOH RATE 

2159.6 

NOZZLE COOLANT OT 

270 . 

OVERALL ENGINE MIXTURE RATIO 

3.00 

NOZZLE 9 

68215 . 

CHAFER 

PERFORMANCE 


GAS GENERATOR PERFORMANCE 


* * **** * a************************* ********* 

******************************* *********** 

PRESSURE 


2250.0 

PRESSURE 

2399.5 

TEMPERATURE 


6611.8 

TEMPERATURE 

1800.0 

THRUST 


696190 . 

THRUST 

22845 . 

IMPULSE 


345 . 91 

IMPULSE 

166.49 

FLOW RATE 


2012.7 

FLOH RATE 

137.2 

THROAT AREA 


163.43 

MIXTURE RATIO 

0.298 

NOZZLE AREA RATIO 


35. 

NUZZLE EFFICIENCY 

0.970 

MIXTURE RATIO 


3.69 

NUZZLE GAS CONSTANT 

93.6 

NOZZLE EFFICIENCY 


0. 965 

NOZZLE GAMMA 

1.174 

CSTAR EF h ICIENCY 


0.980 

NOZZLE AREA 

43.5 


ENGINE STATION CONDITION 

•HMHHMUHHHf** ****** ****-*♦■* +**-*•* *-** 


* FUEL SYSTEM CONDITIONS * 


STATION 

PRESS 

TEMP 

FLOH 

ENTHALPY 

DENSITY 

ft-*****-********************* *********-**♦******* ***H 

t***fc***«**l 

HHHHHf ft* ** 

MAIN PUMP INLET 

47.0 

201.0 

539. 9 

123. 1 

26.40 

1ST STAGE EXIT 

2370.3 

216.1 

539. 9 

145.7 

26.56 

MAIN PUMP EXIT 

4710.4 

231.3 

539. 9 

168.4 

26.73 

FSQV INLET 

4614.6 

231.9 

539.9 

168.4 

26.68 

FSOV EXIT 

4567.8 

232.2 

539.9 

168.4 

26.65 

CHAM/COOL INLET 

4543.6 

232,3 

245.5 

168.4 

26.64 

CHAM/ COOL EXIT 

2537. 7 

497.6 

245.5 

408.1 

10.16 

CH INJ INLET 

2S06 . 6 

493.2 

429.5 

404.7 

10.24 

NOZ/COOL INLET 

4261.9 

233.9 

294.4 

168.4 

26.48 

NOZ/COOL EXIT 

3373.5 

503.7 

294.4 

400.2 

12.44 

FBP INLET 

3373.5 

503. 7 

184.0 

400.2 

12.44 

FBP EXIT 

2S37.7 

489.1 

184.0 

400.2 

10. S4 

TAh* PRESS OUT 

3245.3 

501.8 

4.7 

400.2 

12.18 

TANK PRESS IN 

47.0 

318.6 

4.7 

400.2 

0.23 

FGCV INLET 

3245.3 

501.8 

105. 7 

400.2 

12.18 

FGCV EXIT 

2622.6 

491.0 

105.7 

400.2 

10.75 

GG INJ INLET 

2600.8 

490.6 

105. 7 

400.2 

10. 70 


* OXIDIZER SYSTEM 

CONDITIONS * 



STATION 

PRESS 

TEMP 

FLOH 

ENTHALPY 

DENSITY 


MAIN PUMP INLET 

47.0 

164.0 

1619.7 

61.6 

71.17 

MAIN PUMP EXIT 

3335.7 

180.0 

1619. 7 

73.3 

71.55 

GOX HEX IN 

3221.5 

180.5 

5.1 

73.3 

71.38 

TAttK PRESS IN 

47.0 

720.0 

5.1 

275.4 

0.22 

MOV INLET 

3221.5 

180.5 

1583. 1 

73.3 

71.38 

MOV EXIT 

2669.3 

182.8 

1583 . 1 

73.3 

70.54 

CH INJ INLET 

2569.3 

183.2 

1583. 1 

73.3 

70.39 

OGCV INLET 

2956.6 

181.6 

31.5 

73.3 

70.98 

OGCV EXIT 

2770.4 

182.4 

31.5 

73.3 

70.70 

GG INJ INLET 

26S6.8 

182.8 

31.5 

73.3 

70.52 


* GAS 

GEN SYSTEM 

CONDITIONS * 



STATION 

PRFSS 

TEMP 

FLOH 



****** ****** ****** 



FUEL TTJPB INLET 

2367.2 

1800.0 

137.2 



FUEL TUPB EXIT 

801.2 

1623.7 

137. 2 



IOX CURB TNIET 

787.4 

1622.5 

137.2 



1 OX CURB EXIT 

332.7 

1490.4 

137.2 



NOZZLE INLET PRES 

323.3 
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Table 4.1.3.7-4. STME Common Engine Performance — Design Power Level 

(Continued) 


kAkftkKkjtVkfkftkXftkkftkkkftftftftftftkftftllkkkV*** 

* PRATT & HHITNEY * 

* GAS GENCRATOR CYCLE OFF-DESIGN DCCK * 

* STBE ENGINE STUDY * 

ft* ft* ft * Kftkfck *«***« ftftftkXft ****** ********** 


TURSOMACHINt RY PERFORMANCE DATA 
«***« »«***««#« * ******* *********** 


X *k*»*##k k kk* k ft* 

* FUEL TURBINE * 

K* ******** *«**«* 


***** **** ft *** 

» FUEL PUMP * 
******** ««*** 


STAGE ONE 

STAGE TNO 


STAGE ONE 

STAGE TK) 

ftft*«ft**«* 

«******♦» 


»***ft*ft** 

ft******** 

EFFICIENCY (T/T) 

0.815 

0. 784 

EFFICIENCY 

0.715 

0.715 

HORSEPOHER 

18576. 

16088. 

HORSEPOHER 

17307. 

17357. 

SPEED (RPM) 

ION 78. 

10478. 

SPEED (RPM) 

104 78. 

10478 . 

S SPEED 

21.2 

29.0 

NPSH (FT) 

177.7 

12701.3 

S DIAMETER 

2 . 96 

2.35 

SS SPEED 

25401. 

1047. 

MEAN DIAMETER ( IN ) 

21. 12 

21.12 

S SPEEO 

843. 

839. 

VEL. RATIO (ACTUAL) 

0.44 

0.47 

HE AO (FT) 

12615. 

126^4. 

MAX IIP SPEEO 

999. 

1026. 

DIAMETER (IN) 

18.69 

18.69 

BLAPE HEIGHT 

0. 72 

1.30 

TIP SPfED (FT/SEC) 855. 

855 . 

AN SQUARED 

52.5 

94.7 

VOL FLOM 

9180. 

9124. 

EFFECTIVE AREA 

6.60 

11.15 

HEAD COCF 

0.S515 

0.5528 

PRES. RATIO (T/T) 

1.79 

1.70 

FLOM COEF 

0.1314 

0.1306 

GAS CONSTANT ( FT) 

95 

.20 




GAMBIA 

1.1587 




*************** 

« 

****** 

****** 


» LOX TURBINE i 

» 


• LOX 

PUMP * 


*************** 


****** 

****** 


STAGE ONE 

STAGE two 




Eftftftftftkftft 

********* 




EFFICIENCY (T/T) 

0.869 

0.856 

EFFICIENCY 

0.726 


HORSEPOHER 

13912. 

12967. 

HORSEPOHER 

26879. 


SPEED (RPM) 

7500. 

7500. 

SPEEO (RPM) 

7500. 


S SPEED 

30.6 

38.6 

NPSH (FT) 

62.4 


$ DIAMETER 

2.30 

1.95 

SS SPEED 

36921. 


MEAN 0IAMETER (IN) 

26.90 

26.90 

S SPEEO 

1032. 


VEL. RATIO (ACTUAL) 

0.46 

0.48 

HE AO (FT) 

6627. 


MAX TIP SPEEO 

933. 

971. 

DIAMETER (IN) 

19.56 


BLAOE HEIGHT 

1.60 

2.75 

TIP SPEED (FT/SEC) 641. 


AN SQUARED 

76.1 

130.7 

VOL FLOM 

10215. 


EFFECTIVE AREA 

19.04 

28.54 

HEAD COEF 

0.5191 


PRES. RATIO (T/T) 

1.S4 

1.54 

FLOM COEF 

0.0625 


GAS CONSTANT (FT) 

94. 

54 




GAM1A 

1.1667 





* VALVE 

DATA * 




STATION 

DELP 

AREA 

flom mi P/P 



******* ft ft ftk »****»ft*** ft* *4HHMHHHHftft***»* ft* ******* ******** 



FUEL SHUT OFF VLV 

46.7 

22.88 

539.9 1.01 



FUEL BYPASS 

Q35.8 

3.343 

184.0 24.77 



FUEL GG VALVE 

622.7 

2.203 

105. 7 19.19 



MAIN OXIO VALVE 

552.3 

11.93 1583.1 17.14 



LOX GG VALVE 

186.2 

0.410 

31.5 6.30 




* INJECTOR DATA « 


STATION OCLP AREA FLOW /DELP/P 

*k ******* ¥ **««« » ft** ********** ft * ft ««**** **«***«« ********* 


FUEL GG INJ 

201.3 

4.071 

105.7 

7.74 

FUEL CH INJ 

256.6 

15.11 

429.5 

10.24 

LOX GG INJ 

2S7.3 

0.350 

31.5 

9.68 

LOX CH INJ 

319.3 

15.80 

1583.1 

12.43 
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4.1. 3.7.3 Engine Costs 

This section summarizes cost estimates for the 635K SL thrust, 2250 psia chamber 
pressure, Common STBE Gas Generator cycle. Table 4.1.3.7-5 summarizes the significant costs 

for the engine. 

Table 4.1. 3.7-5. Common STBE Gas Generator Costs 

Total Development Coat (DDT&E), M$675* 

Production Coat (TFU), M$10.7 
Operations Cost/Launch /Engine, M$0.148" 

Constant FY87$ 

* Applies to Common STBE, an additional 
M$1200 Development Program is estimated for 
the STME. 

"Based on the 100th mission, 10 missions per 

year, and seven booster s per vehicle. 

1 ~ R1969I/47 


The DDT&E Cost includes all of the functions required to design, develop test and 
evaluate the engine system. All of the DDT&E functions shown in the ALS engine WBS (see 
Volume III) have been included. Development Cost is based on a 90-month phase C/D program 
with 960 engine firings for the STME and 488 for the Common STBE. Sufficient accountable 
firings have been included in the program to demonstrate 0.99 engine reliability with one failure. 

The engine Theoretical First Unit (TFU) production cost includes all the recurring 
operational production cost elements specified in the ALS engine WBS. It includes manufactur- 
ing and acceptance of the Integrated Engine System, System Engineering and Integration, 
Program Management, Facilities Maintenance and Tooling Maintenance. The TFU estima e is 
based on a lot size of 100 and a 90-percent learning curve. 

The Operations Cost per launch per engine includes all costs associated with the 
operational flight program as described in the ALS engine WBS. It includes Pr0 & ra ™ 
Management, System Engineering and Integration, Facilities Maintenance, Operation and 
Support, and Training. The Operations Cost is based on a flight rate of 10 missions per year and 
it is the estimated cost that will be achieved after 100 total missions have been flown. 

4.1.4 Unique L0 2 /RP-1 Gas Generator Cycle Engine 


4.1. 4.1 Engine Design Evolution 

The LOo/RP-1 STBE is a gas generator cycle engine with liquid oxygen and RP-1 as 
propellants. The engine design was initiated in the first quarter of 1988 and discusse in 
FR-19691-3 at 625K lb sea level thrust design. 


This engine study was continued to refine the L0 2 /RP-1 gas generator engine design 
through the last quarter of 1988. The significant changes from the initial engine design were the 
increase in design thrust level to 750K lb sea level and the elimination of boost pumps due to the 
higher vehicle supplied NPSH. The engine assembly drawing and its major characteristics are 

shown in Figure 4.1.4.1-1. 


4.1. 4.2 Engine Cycle 

The candidate STBE configuration studied during Phase A is a gas generator cycle with 
liquid oxygen and liquid RP-1 as propellants. This engine operates at a main chamber pressure of 
1501 psia at the design power level (DPL) of 750K lb sea level thrust and has the capability of 
running at a nominal power level (NPL) of 625,000 pounds thrust. The engine has a fixed nozzle 
with an area ratio of 25:1 and delivers 274.6 seconds of sea level specific impulse at DPL. 
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Gas Generator Cycle 


Propellants 

L0 2 /RP-1 

Mixture Ratio 

2.75 

Chamber Pressure 

1500 psia 

Thrust - Vacuum 
- Sea Level 

863,191 lb 
750,000 lb 

Specific Impulse - Vacuum 
- Sea Level 

316.0 sec 
274.6 sec 

Nozzle Area Ratio 

25 

Diameter 

99 in. 

Length 

149 in. 

Weight 

TBD lb 
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Figure 4.1.4. 1 - 1 . STBE L0 2 /RP-1 Gas Generator Engine Performance Characteristics at 
Design Power Level 


4.1. 4.2.1 Flow Path Description 

A simplified flow schematic for the L0 2 /RP-1 STBE is presented in Figure 4.1.4.2-1, 
showing the major flow paths and components. 

Liquid oxygen and liquid RP-1 enters the engine at a net positive suction head (NPSH) 
level, supplied by the vehicle, sufficient for the high-speed, high-pressure pumps. No boost 
pumps are required for this system. 

At the design power level, the RP-1 pump operates at 8,524 rpm to provide the RP-1 
pressure levels of 2283 psia required by the cycle. From the pump exit, the RP-1 flow is split to 
cool the milled chamber and the tubular nozzle section separately. After cooling the nozzle, the 
gas generator flow is routed through a control valve and injected into the gas generator. The 
remainder of the nozzle coolant flow is mixed with the chamber coolant flow and is injected into 
the main chamber. 


210 


RL9®l/4« 


Pratt & Whitney 

FR- 19691 -4 
Volume II 


Helium Pressurant Valve 
Fuel GG Control Valve 
Fuel Purge Check Valve 

Fuel Shutoff Valve 

MPOV Main Oxidizer Purge Check Valve 

MOV Main Oxidizer Valve 

OGCV Oxidizer GG Control Valve 

OGPV Oxidizer GG Purge Check Valve 
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Figure 4.1.4.2-1. STBE L0 2 /RP-1 Gas Generator Engine Simplified Flow Schematic 

The high-pressure oxidizer pump operates at 5,645 rpm to provide the oxygen pressure level 
of 2091 psia required by the cycle at the design power level. From the pump exit, approximately 
99 percent of the oxygen flow is routed through the main oxidizer control valve and is injected 
into the main chamber. The remainder of the oxygen flows through the oxygen gas generator 
control valve before being injected into the gas generator. 

The high-pressure, high-temperature (1401 psia/1800 R at DPL) gas of the gas generator 
provides the power to drive the high-pressure propellant pumps. The hot gas is initially expanded 
through the RP-1 turbine and is subsequently routed to a second turbine which powers the 
oxygen pump. The turbine exhaust gas is then diverted down to the nozzle below the tubular 
nozzle section and is used to film-cool the remainder of the nozzle from an area ratio of 20:1 to 
the exit area of 25:1. 

Liquid oxygen enters the engine at a net positive suction head (NPSH) level, supplied by 
the vehicle, sufficient for the high-speed high-pressure oxidizer pump. Liquid methane enters the 
engine at a NPSH level, again supplied by the vehicle, sufficient for the high-speed, high- 
pressure methane pump; thus boost pumps are not required for this system. 
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At the design power level, the RP-1 pump operates at 8524 rpm to provide the methane 
pressure level of 2283 psia required by the cycle. From the pump exit, the RP-1 flows through the 
fuel shutoff valve to a split manifold, 72.0 percent of the RP-1 is used to regene ratively cool the 
milled channel, copper alloy main chamber from an area ratio of 3.28 back to the injector face. 
The remaining RP-1 flow is used to cool the tubular, stainless steel nozzle from an area ratio of 
3.28 down to an area ratio of 7.85:1. This RP-1 then flows through the fuel gas generator control 
valve and is injected into the gas generator to combust with some of the oxygen to provide power 
for the high-pressure turbomachinery. 

The high-pressure oxidizer pump operates at 5645 rpm to provide the oxygen pressure level 
of 2091 psia required by the cycle at the design power level. From the pump exit, approximately 

99.2 percent of the oxygen flow is routed through the main oxidizer control valve and is injected 
into the main chamber. The remainder of the oxygen flows through the oxygen gas generator 
control valve before being injected into the gas generator. 

The high-pressure, high-temperature (1400 psia/1800 R at DPL) gas of the gas generator 
provides the power to drive the high-pressure propellant pumps. The hot gas is initially expanded 
through the RP-1 turbine and is subsequently routed to a second turbine which powers the 
oxygen pump. From the oxidizer turbine discharge, the flow enters a heat exchanger where 
energy is extracted to vaporize the oxygen being provided for tank pressurization, the turbine 
exhaust gas is then expanded through an area ratio of 25:1 to atmospheric pressure, providing 
additional thrust to the overall engine output. 

4. 1.4.2. 2 Engine Operation 

The engine will be preconditioned using liquid oxygen from the tank to soak the turbopump 
until it is sufficiently cooled. The oxidizer inlet valve will be opened, allowing liquid from the 
tank to flow down to the turbopump and letting any vapors percolate back up to the tank to be 
vented. 

The engine start is a timed sequence process using an oxidizer lead for reliable soft 
propellant ignition. The oxidizer lead avoids hazardous buildup of unburned fuel in the 
combustor during the oxygen phase transition from gas to liquid. The transition occurs prior to 
fuel injection and the fuel is consumed immediately upon injection. Reliability of ignition is 
enhanced by the L0 2 lead because the transient mixture ratio during propellant filling includes 
the full excursion of ignitable mixture ratios from greater than 200 to less than one. 

With the oxidizer lead sequence, the gas generator L0 2 injector is primed prior to opening 
the fuel shutoff valve to ensure liquid oxygen flow, eliminating turbine temperature spikes due to 
oxygen phase change. A helium spin assist is also used to initiate turbopump rotation before the 
fuel is introduced into the gas generator. During the start and shutdown, a small helium purge is 
used in the gas generator injector and main chamber injector to eliminate the danger of hot gas 
flow reversals during transient operation. Gas generator and main chamber ignition will be 
accomplished with dual electrical spark-excited torch igniters. 

Main-stage engine operation is open-loop controlled The fuel gas generator control valve 
(FGCV), the oxygen gas generator control valve (OGCV), and the main oxidizer valve (MOV), 
shown in Figure 4.1.4.2-1, are used to set the engine thrust and mixture ratio. Thrust and main 
chamber mixture ratio are set on the ground by trimming the MOV and OGCV respectively. The 
gas generator mixture ratio is set using the FGCV. All valves are operated by hydraulic actuators. 

Engine acceleration is accomplished by a time-based scheduling of the valves to the 
commanded starting level (~ 20 percent power level). The acceleration to full thrust is also 
accomplished with open-loop valve schedules. Engine shutdown is accomplished using a time- 


212 


RlMil/44 


• >U«| UK 


i iiu icy 

FR- 1969 1-4 
Volume II 


Visa: *■" ^ 

-i-s-ir.-srrstr^-.ir. arjisur- 


4J.4.3 Combustor/Thrust Chamber 
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Nozzle Design Configuration 
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Film and Radiation Cooled Nozzle 
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Figure 4.1. 4.5-1. STBE L02/RP-1 Gas Generator G0 2 HEX Geometry and Performance Data 
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Table 4.1. 4.5-1. STME L0 2 /RP-1 Performance — Design Power Level 


Main Chamber Gas Generator 


Pressure - psia 

1501.2 


1400.8 

Mixture Ratio 

3.12 


0.114 

Area Ratio 

25.0 


5.0 

Ideal I sp - sec 

345.4 


168.8 

AI^ ERE - sec 

-17.3 


0.0 

AI^ KIN - sec 

-0.63 


-3.2 

AI^ TDK - sec 

-3.92 


-4.5 

AI^ BLM - sec 

-1.47 


-3.5 

Del. Igp Vac - sec 

322.1 


157.6 

Flowrate - lbm/s 

2630.3 


101.3 

Vac. Thrust - lb 847221.6 

15969.5 


Overall Engine 


Vac. Thrust - lb 


863,191 


Vac. Del. I #p - sec 


316.0 


S.L. Thrust - lb 


750,000 


S.L. Del. I 9p - sec 


274.6 



R19691/47 


Table 4.1. 4.5-2. STME L0 2 /RP-l Performance — Normal Power Level 


Main Chamber Gas Generator 


Pressure - p9ia 

1291.9 

1191.6 

Mixture Ratio 

3.04 

0.118 

Area Ratio 

25.0 

5.0 

Ideal I 5p - sec 

345.9 

141.4 

AI^ ERE - sec 

-17.4 

0.0 

AI^ KIN - sec 

-0.76 

-3.9 

AI^ TDK - sec 

-3.62 

-4.6 

AI^ BLM - sec 

-1.52 

-3.2 

Dei. Igp Vac - sec 

322.6 

129.7 

Flowrate - lbm/s 

2259.6 

71.3 

Vac. Thrust - lb 

728946.0 

9249.7 


Overall Engine 


Vac. Thrust - 

lb 

738,196 

Vac. Del. I #p - 

sec 

316.7 

S.L. Thrust - 

lb 

625,000 

S.L. Del. I, p - 

3ec 

268.1 
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During this study, detailed aerothermal analyses were conducted to predict component 
performance levels and these were incorporated into a steady-state computer model of the 
complete engine. Simplified flow schematics are presented in Figures 4.1.4.5-2 and -3 with key 
operating parameters noted for each thrust level. Tables 4.1. 4.5-3 and -4 define performance of 
the individual components and their operating environments for the STBE at DPL (120%) and 
at NPL (100%) respectively. 
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Figure 4.1. 4.5-2. STBE L0 2 /RP-1 Gas Generator Engine Flow Schematic at Design Power Level (120%) 
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Table 4 


STATION 

PUMP INLET 
PUMP EXIT 
RPI CV INLET 
CHM INLET 
CHM EXIT 
NOZ INLET 
NOZ EXIT 
CO FLOW SPLIT 
MFV EXIT 
CHM INJ INLET 
RPI OCV INLET 
RP1 CCV EXIT 
GO INJ INLET 


STATION 

PUMP INLET 
PUMP EXIT 
02 TANK PRSZTN 
MOV INLET 
MOV EXIT 
CH INJ INLET 
OCCV INLET 
OOCV EXIT 

oo inj inlet 


STATION 

RP1 MT INLT 
RP1 MT EXIT 
02 MT INLT 
02 MT EXIT 
NOZZLE inlet 


.1. 4.5-3. L0 2 /RP-1 STBE Gas Generator Performance — Design Power Level 


ENGINE PERFORMANCE PARAMETERS 


CHAMBER PRESSURE 1501.2 
OAS GENERATOR PRESSURE U00.8 
S.L. ENGINE THRUST T50000. 
VAC ENGINE THRUST *43191. 
DEL. S.L. ISP *7*-* 
DEL. VAC. ISP 51* -0 
NOZZLE AREA RATIO 25*0 
THROAT AREA • 1 
TC MIXTURE RATIO 5*12 
ENGINE MIXTURE RATIO 2.75 
CHAMBER COOLANT DP (RPI) !*•« 
NOZZLE COOLANT DP l RPI ) 52. 
CHAMBER COOLANT DT IRP1) 1*0. 
NOZZLE COOLANT DT CRP1J !**• 
00 MIXTURE RATIO 0.1H 


engine station conditions . 


VALVE. INJECTOR DATA 


• RP-1 SYSTEM CONDITIONS ■ 


PRESS 

TEMP 

FLOW 

ENTHALPY 

DENSITY 


■RPI CV- 

■RPI GCV- • MOV ■ ■ 

OGCV ■ * MFV ■ 

22 .B 

520.0 

729.9 

-40.0 

55.52 

AREA 

7.09 

4.44 18.85 

0.09 1.24 

2283 . 0 

543.1 

729.9 

-49.7 

55.08 

PLOW 

525.54 

90.90 1991.3 

10.39 113.48 

2237. A 

544.1 

525.5 

-49.7 

55.03 

DELP 

223.8 

549.4 308.7 

403.5 349.32 

2013.7 

549.2 

525.5 

-49.7 

54.83 





1815.3 

729.2 

525.5 

43.1 

50.44 





2237.4 

544.1 

204.4 

-49.7 

55.03 


■ CHAMBER 

INJECTORS ■ • GAS GEN INJECTORS ■ 

2 185.2 

728.4 

204.4 

42.7 

50.42 





2 184 . 4 

728.4 

113.5 

42.8 

50.42 


■ OX INJ ■ 

« RPI INJ • ■• OX INJ 

■ « RPI INJ ■ 

1815.3 

729.0 

113.5 

42.7 

50.45 

AREA 

30.39 

53.44 0.14 

7.37 

1 423 .5 

729.2 

439.0 

43.0 

50.45 

PLOW 

1991.24 

439.02 10,39. 

90 . 90 

2144.2 

728.5 

90.9 

42.8 

50.41 

DELP 

135.40 

122.33 174.11 

139.44 

1414.8 

729.4 

90.9 

42.8 

50.33 





1540.4 

729.4 

90.9 

42.8 

51.53 






- OXYCEN SYSTEM CONDITIONS * 


PRESS 

TEMP 

FLOW 

ENTHALPY 

DENSITY 

47.0 

144.0 

2007.9 

41.4 

71.17 

2091 . 1 

172.9 

2007.9 

48.4 

71.58 

1984.4 

173.3 

4.288 

48.4 

71.42 

1984.4 

173.3 

1991.3 

48.4 

71.-42 

1477.8 

174,4 

1991.3 

48.4 

70.94 

1434.7 

174.4 

1991.3 

48.4 

70.87 

1984.3 

173.3 

10.4 

48.4 

71.42 

1582.8 

174.8 

10.4 

48.4 

70,79 

1574.9 

174.8 

10.4 

48.4 

70.77 


■ GAS GEN SYSTEM 

CONDITIONS ■ 

PRESS 

TEMP 

FLOW 

1371.0 

1800.0 

101.3 

48 3.0 

1700,8 

101.3 

472.8 

1475.3 

101.3 

140.0 

140.0 

1S43.1 

101.3 
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11.4.5-3. L0 2 /RP-1 STBE Gas Generator Performance 

(Continued) 


Design Power Level 


■^TURBOMACMINERY PERFORMANCE DATA ■ 


• ftp 1 

TURBINE ■ 

« 02 TURBINE 

1 H ■ 

■ 

IB J 

EFFICIENCY 

0.77 

EFFICIENCY 

0.76 

horsepower 

10611. 

HORSEPOWER 

16455. 

SPEED (RPM) 

8524. 

SPEED (RPM) 

5645. 

DIAMETER 

22.45 

DIAMETER 

35.97 

AREA 

6 .19 

AREA 

IB. 91 

VEL RATIO 

0.38 

VEL RATIO 

0.40 

TIP SPEED 

035 . 64 

TIP SPEED 

B37.37 

STAGES 

L . 

STAGES 

2. 


■ RP1 PUMP 

- 

» 02 PUMP " 


EFFICIENCY 

0 . 74 

EFFICIENCY 

0.78 

HORSEPOWER 

10611 . 

HORSEPOWER 

19456. 

SPEED (RPM) 

8524. 

SPEED t RPM ) 

5645 . 

S SPEED 

972 . 

S SPEED 

1232 . 

HEAD 

5909. 

HEAO 

4136 . 

diameter 

15.90 

DIAMETER 

20.62 

TIP SPEED 

592. 

TIP SPEED 

508 . 

VOL. FLOW 

5901 . 

VOL. FLOW 

12464 . 

STAGES 

1 . 

STAOES 

1 . 

HEAO COEF 

0.543 

HEAD COEF 

0.512 

FLOW COEF 

0.108 

FLOW COEF 

0.124 

SS SPEED 

30706. 

SS SPEED 

28415 . 
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Table 4.1.4.5-4. L0 2 /RP-1 STBE Gas Generator Performance — Normal Power Level 


EN01NE PERFORMANCE PARAMETERS 


CHAMBER PRESSURE 

1291.9 

OAS GENERATOR PRESSURE 

1191.4 

S.L. ENOINE THRUST 

425000. 

VAC ENOINE THRUST 

738194. 

DEL. S.L. ISP 

248.1 

DEL. VAC. ISP 

314.7 

NOZZLE AREA RATIO 

25.0 

THROAT AREA 

308.1 

TC MIXTURE RATIO 

3.04 

ENOINE MIXTURE RATIO 

2.75 

CHAMBER COOLANT DP (RPl) 

153. 

NOZZLE COOLANT DP (RPl) 

40. 

CHAMBER COOLANT DT (RPl) 

171. 

NOZZLE COOLANT DT (RPl) 

174. 

00 MIXTURE RATIO 

0.118 


ENOIKIC STATION CONDITIONS 


"RP-1 SYSTEM CONDITIONS ■ 


station 

PRESS 

TEMP 

FLOW 

ENTHALPY 

PUMP INLET 

22.8 

520.0 

423.0 

-40,0 

PUMP EXIT 

1923.1 

556.2 

423.0 

-51.3 

RPl CV INLET 

1890 . 0 

556.9 

448.5 

-51.3 

chm inlet 

1701.0 

541 .2 

448.5 

-51.3 

CHH EXIT 

1548.0 

732.0 

448.5 

(4.2 

NOZ INLET 

1890 . 0 

554.9 

174.4 

-51.3 

NOZ EXIT 

1849.7 

731.3 

174.4 

45.9 

CG FLOW SPLIT 

1849.3 

731.3 

110.4 

45.9 

MFV EXIT 

1548.0 

731.8 

110.4 

45.9 

CHM INJ INLET 

1401.3 

732.0 

559.1 

44.2 

RPl GCV INLET 

1839.2 

731.3 

43.8 

45.9 

RPl GCV EXIT 

1308.9 

732.2 

43.8 

45.9 

GG INJ INLET 

1272.3 

732.2 

43.8 

45.9 


VALVE. INJECTOR DATA 


■ VALVES ■ 

DENSITY «RP1 CV* *RP 1 GCV* • MOV * * OGCV ■ • MFV » 

*•52 AREA 6.57 3.72 17.44 0.07 1 . S4 

5.17 FLOW <48.53 43.82 1700.6 7.52 110.41 

5.U DELP 189.0 530.3 241.4 392.7 301.23 

4.95 

1.20 

5*14 ■ CHAMBER INJECTORS ■ » GAS GEN INJECTORS • 

0.40 

0-.40 ■ OX INJ « ■ RPl INJ »• OX INJ * * RP 1 INJ * 

1.20 AREA 30.39 53.44 0.14 7.37 

1*20 FLOW 1700.62 559.14 7.52 63.82 

0.40 DELP 98.81 109.35 91.26 80.43 

5.42 
5.57 


■ OXYGEN SYSTEM CONDITIONS « 


STATION 

PRESS 

TEMP 

FLOW 

Enthalpy 

DENSITY 

PUMP 

Inlet 

47.0 

144.0 

1713.3 

61.6 

71.17 

PUMP 

EXIT 

1 758.5 

171.5 

1713.3 

67.4 

71.50 

02 TANK PRS2TN 

1482.1 

171.8 

5.344 

67.4 

71.38 

MOV 

INLET 

1482.1 

171.8 

1700.4 

67.4 

71 *3t 

MOV 

EXIT 

1420.4 

172.8 

1700.4 

47.4 

70.97 

CH INJ INLET 

1 390.7 

172.9 

1700.4 

67.4 

70.92 

OGCV 

INLET 

1482.0 

171.8 

7.5 

47.4 

71.3* 

OGCV 

EXIT 

1289.3 

173.2 

7.5 

67.4 

70.76 

GG INJ INLET 

1282.9 

173.3 

7.5 

47.4 

70.75 



" GAS 

GEN SYSTEM 

CONDITIONS • 

STATION 

PRESS 

TEMP 

FLOW 

RPl MT INLT 

1176.8 

1800.0 

71.3 

RPl MT EXIT 

561.2 

1698.5 

71.3 

02 MT INLT 

552.8 

1673.1 

71.3 

02 MT EXIT 

119.9 

1534.3 

71.3 

NOZZLE INLET 

110.0 
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TabU 4.1. 4.5-4. L0 2 /RP-1 STBE Gas Generator Performance 

( Continued) 


Normal Power Level 


• turbomachiwery performance data . 


■ RP1 turbine • 


EFFICIENCY 0.75 
HORSEPOWER 7435 , 
SPEED IRPMJ 772C. 
DIAMETER 22. A 5 

AREA 5.82 
VEL RATIO O.n 
TIP SPEED 757.21 
STAGES . 




■ 02 TURBINE » 


EFFICIENCY 0.7S 
horsepower 1SM1. 

SPEED (RPM) 5no * 
DIAMETER S3 . 97 
A REA I?,] 5 
VEL RATTO 0>J5 
TIP SPEED 7*7, U 
STAGES J 


■ RP1 PUMP » 


• 02 PUMP a 


EFFICIENCY 0.7A 
HORSEPOWER 7435 , 
SPEED ( RPM 1 7724* 
S SPEED 

HEA 0 4H0.' 
DIAMETER 15, *0 
TIP SPEED 534 . 
VOL. FLOW 50J7* 
STAOES lt 
HEAD COEF 0 , 55 j 
FLOW COEF 0,102 
SS SPEED 25705. 


EFFICIENCY 
HORSEPOWER 
SPEED (RPM) 
S SPEED 
HEAD 

diameter 
HP SPEED 
VOL. PLOW 
STAOES 
HEAD COEF 
FLOW COEF 
SS SPEED 


0.77 
13 ** 1 . 
5110 . 
1177 . 
3 ** 3 . 
20. *2 
4 * 0 . 
10 » 0 *. 
1 . 

0.523 
0.1 It 
23925 . 
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4.1. 4.5.3 Engine Costs 

This section summarizes cost estimates 
pressure, RP-1/L0 2 STBE Gas Generator cycle, 
the engine. 


for the 750K SL thrust, 1500 psia chamber 
Table 4.1.4.5-5 summarizes significant costs for 


Table 4.1. 4.5-5. RP-l/L0 2 STBE Gas Generator Costs 


Total Development Cost (DDT&E), M$1500 
Production Cost (TFU), M$U.9 
Operations Cost/Launch/Engine, M$0.200** 
Constant FY87$ 

•Applies to developing a stand-alone booster 
engine configuration. 

••Based on the 100th mission, 10 missions per 

vear and seven boosters per vehicle. 

* L — R 1969 1/47 


Th, DDT&E Cost 

evaluate the engine system. All of the UU i 90-month phase C/D program 

Volume III) have been accountable firings have been 

Sir rSTpSt' » demons engine reiiabili* with one failure. 

The engine Theoretical First Unit (WU) ’ 

operational production cost elements speci > ‘ In m g * m Eng i„ e ering and Integration, 
Z X u2SZ£ m£ 5SL£. and Tooling Maintenance. The TFU estimate is 
based on a lot size of 100 and a 90-percent learning curve. 

The Operations Cost per launch per 3 ^nclud^ Program 

EageTen and 


4.2 SPLIT EXPANDER CYCLE ENGINES 
4.2.1 Derivative Split Expander Cycle Engine 


4.2.1. 1 Engine Design Evolution 

The derivative, or modified split etfiS. The 

vehicle and deliver, 433.9 seconds of vacuum .speed* jmpu^t the ^ ^ ^ ^ „ 
to&r^r^thSKng L0 2 /CH. M propellent. Both engines are presented m 
Figure 4.2.1.1-1 with overall engine characteristics. 

The derivative engine studies conducted during 

1989 showed that maximum part commona lt Y . 300 .4 0 0K range. Since the minimum 

be achieved only at low booster engine thrust level3 ..^ u ^oKlbf several new components 
acceptable sea ^^^he^riva^e^smld'espander dwigrTLrrdware common to 

SsSStS E^Sfi. shown in Table 4.2.1.1-1. Detmled tteussion of this engine ,s 
presented in the following paragraphs. 
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Propellants 

Mixture Ratio 
Chamber Pressure - psia 
Thrust - Vacuum - sec 

- Sea Level - sec 

Specific Impulse - Vacuum - sec 

- Sea Level - sec 
Nozzle Area Ratio 
Diameter - in. 

Length - in. 

Weight - lb 


Fig ure 4.2. 1.1-1. STBE Derivative Split Expander Engines at Design Conditions 


Hz/LOa CH4/LO2 

6.0 3.5 

896 734 

580,000 706,500 

436,187 600,032 

433.9 327.7 

326.3 278.3 

28 13.5 

116 104 

187 140 

5,084 6,193 


FO 366130 


Table 4.2.1. 1-1. 


STME and Derivative STBE Split Expander Engine, Common 
Hardware Components 


Turbo machinery 

• Fuel Pump Housing Flow Paths 

• Fuel Pump Impeller Flow Path 

• Ball and Roller Bearings 

• Turbine Outer Seals 

Tiebolt Shaft and Disks (Modified Blade Attachments) 

• Internal Labyrinth Seals 

• Major Flange Seals 

• Bolts, Nuts, Studs, Washers, Pins 
l3t and 2nd*Stage Impeller Castings 

• Uniform Cross Section Static Housing Seals 

• Inducer Retaining Bolt 3 

• Blade Retaining Rings, Tip Seals 

• Spacers, Bearing Sleeves, Wave Washers Made from 

Same Forging or Identical Hardware 


Combustion Devices 
• Igniter Assembly — Main Injector 


Engine Assembly 

• Ducting 

50% Small Lines 
20% Large Lines 

• Engine Vehicle Interface Points 

• G0 2 HEX 

• POGO Suppressor 

• Fuel Inlet Flex Joints 

• Fasteners, Seals 


Engine Controls 
• Engine Controller 

— fog 11 * 6 and Component Instrumentation * 

R 1969 1/47 
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4.2.1. 2 Engine Cycle 

The derivative STBE is a spirt ' giJ^E "o^h^top^^ne^dit intended to utilize as 
propellents. It is a derivative of t 2 operates at a main chamber pressure 

many STME hardware too>po"ent, ' “ p ^^o K Ibf m nozzle area ratio ,s optimized, for a 

^ ^ " “ 8 

seconds. 

4.2. 1.2. 1 Flow Path Description 

A simplified do. sche-naBc * £ " * 

components is presented in igure f the high-speed, high-pressure pumps. No 

NPSH level, supplied by the vehicle ™ Xel, the methane pump operates at 

boost pumps are required in these of 2546 psia. From the first- 

10953 rpm to provide a first-stage pump second stage of the methane pump. The 

stage pump exit, 57 P erce ^ of t J JjJJ “ ia From the second-stage pump exit, the methane is 
second-stage pump discharge manifold chamber/nozzle. This heated 

routed through the nozzle shutoff valve -nto. split man^d ^ ^ perceiit 

methane is then used to P™™ 1 * po ^ .. The warm (689 R) methane gas is initially 
nozzle cooling flow is routed through the turbin^ ^ to a second 

expanded through the methane pump " nfi exhaust is then routed to a mixer, where it 
turbine that powers the oxygen pum^ T ^ ^ ^ ^ injected into the main chamber, 
combines with the remainder of the ’ 5014 m to pr0 vide an oxygen pressure 

At normal power level, the oxidizer pump pe routed through a control valve and 

lave, of 1224 psis. From the pu = ““ “™lion^r «h. pu^ps srs listed 
injected directly into the main chamber, borne Key ope 

in Table 4.2.1.2-1. 

4.2. 1.2.2 Engine Operetion 

' The engine — is a timad 

propellant ignition. The oxidizer lead avD1 * “ immediately upon injection. Reliability of 

combustor or on the ^ ^0 Te!d the transient mixture ratio during propellant filling 

mixture ratios from greater than 200 to less than one. 

, j i-Vift T n injector is primed prior to opening the fuel shutoff 

oxygen/methane torch igniter. 

Engine operation is chntrejjjj (FSOVh turbine shut-off valve, (TBV), 

T^ti^vZTMovT is ‘““" plished by 

4 rhedulins the valves on open-loop schedules o u 
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Table 4.2. 1.2-1. Derivative STBE Split Expander Operating Conditions 


Fuel Turbopump 

Pressure — psia 5,740 

Maximum speed — rpm 10,953 

Turbine Temperature — R 877 

Pump Stages 2 

Turbine Stages 2 


Oxidizer Turbopump 

Pressure — psia \ 224 

Maximum Speed — rpm 5,014 

Turbine Temperature — R 7X9 

Pump Stages 1 

Turbine Stages 2 


Main Chamber 

Chamber Pressure — psia 734 

Heat Pickup — Btu/sec 138,510 

Coolant Flow — Ibm/sec 276 

R19W1/47 


During preconditioning, all of the valves are closed except for the MOV- which is 
approximately 25 percent open for simultaneous L0 2 injector cooldown. Once the engine is 
adequately preconditioned, the MOV opens further to completely fill the L0 2 injector prior to 
ignition. During the process of filling the injector, the NSOV remains closed to prevent cooling of 
the nozzle/chamber cooling jacket. Once the L0 2 injector is full, the NSOV and the FSOV are 
opened so the fuel can flow freely to the injector. At this point, the JBV and the TBV remain 
closed to force all of the available fuel through the turbines. After ignition and upon sufficient 
f^wer from the turbines, the JBV opens to bypass flow from the pump first-stage discharge to 
the mixer Once the desired thrust level is achieved, the TBV opens to control turbine power At 
this point, the engine should be at its steady-state conditions. 

pi- . ‘ S aCC0 T Hshed U8ing a time 1)486(1 scheduling of the propellant valves. 

i , he TBV is further opened to reduce turbine power and slow the pumps. Then the methane 
system ,s shut down by closing the JBV, NSOV and FSOV in that order to purge the fuel system 
of excess methane. Finally, the oxidizer system is shut down by closing the MOV. 

4.2. 1.3 Turbomachinery 

4.2.1. 3.1 Oxidizer Turbopump Hardware Description 

The oxidizer turbopump is configured as a single centrifugal shrouded turbopump with an 
inlet inducer driven by a two-stage axial flow turbine. The inducer and impeller, made of fine 
grained cast Inconel 718, are coupled to the turbine through a shaft made of super A-286 material 

l°iSI Ca i 7 t U T ‘"n b,adedturbine Th6 P”“P inlet/discharge housing is made of 

755T while the remaining housings are made from aluminum. The ball and roller 

"ins 8 * ma of 400C material, will be used to support the pump rotor system. The oxidizer 
turbopump and its major components are shown in Figure 4.2.1.3-1. 
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The rotor thrust balance system is accomplished through the incorporation of a double 
acting thrust balance system on the turbine side of the interpropellant seal turbopump in a liquid 
fuel environment so as to avoid any rub in a L0 2 environment. Externally supplied high pressure 
fuel is used for thrust piston actuation and for roller bearing and turbine coolant. The rotating 
thrust piston is made of forged Inconel 718 and its mating surface of the stationary housing is an 
insert made of Bearium B-10 material (leaded bronze). Axial travel of the rotor is controlled at 
this location. 

The double-acting thrust piston provides thrust balance capability to the rotor system by 
controlling axial imbalance loads during startup, steady-state, and shutdown operation. As an 
axial imbalance load occurs, the rotor moves axially, which opens an orifice that supplies high- 
pressure fuel to the side of the piston in which the rotor has traveled. At the same time, the 
opposite piston face is now vented to low pressure fuel, resulting in a reaction thrust load that 
restores the rotor to its initial position. 

While the roller bearing is cooled by fuel, the ball bearing is cooled with L0 2 . Oxidizer flow 
along the backside of the impeller is used as bearing coolant; then it is recirculated to the inducer 
inlet through a controlling orifice/hole in the bearing carrier and shaft. 

The interpropellant seal package employs a labyrinth seal design with a helium buffer 
cavity. This design is similar to the SSME ATD L0 2 turbopump design. An oxidizer-side 
vaporizer is incorporated to reduce the overboard leakage. 

The turbine inlet housing is a cast volute integrating the first-stage turbine vane, and 
contains the placement of the turbine tip seal lands. Attachment of the inlet housing to the pump 
housing is achieved with a flexible arm designed to provide thermal compatibility between the 
two housings. 

4. 2. 1.3. 2 Fuel Turbopump Hardware Description 

The fuel turbopump is configured as an inlet inducer with a two-stage centrifugal impeller 
pump driven by a two-stage axial flow turbine. The inducer, made of aluminum, and the 
impellers, made of fine grained titanium A-110 ELI, are coupled to the turbine through an 
Inconel 718 shaft to a forged aluminum bladed turbine disk with brazed blade tip shrouds. The 
p um p and turbine housings are fabricated of cast aluminum to minimize machining costs. One 
ball and roller bearing, made of 440C material, support the pump rotor system. Figure 4.2. 1.3-2 
shows the fuel turbopump and its major components. 

The rotor thrust balance system is accomplished by incorporating the thrust piston into the 
second-stage impeller. A double acting, double orifice thrust piston has been configured into the 
front and back side of the impeller. The thrust piston is designed to control axial imbalance loads 
during engine startup, steady-state, and shutdown conditions. As the thrust imbalance load 
occurs, the rotor moves axially, which then opens an orifice at the impeller tip, introduces pump 
discharge high pressure fuel to the side of the impeller in which the rotor has traveled. At the 
same time, the opposite impeller face is vented to low pressure fuel, resulting in a reaction thrust 
load to restore the rotor axial position. Both sides of the thrust piston are fed with second-stage 
impeller discharge pressure. Axial travel is limited by a forward stop on the impeller ID shroud 
face and by an aft stop on the ID of the impeller back face. 
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The ball and roller bearings are similar to the bearings used on the SSME-ATD fuel 
turbopump. The ball bearing is cooled by first-stage discharge pressure bled off the impeller back 
face and flow controlled by the labyrinth seals near the outer diameter of the impeller. The roller 
bearing is cooled by second-stage discharge pressure that is supplied to the bearing via internal 
passages through the pump housing. Roller bearing coolant is then discharged into the turbine 
disk cavity to be used as turbine coolant. 

A diaphragm type lift-off seal (similar to the ATD fuel turbopump) is incorporated in the 
fuel pump design to prevent cooldown flow from entering the turbine during the pre-start 
sequence. At engine start, pump pressure increases so that the lift-off seal is deflected and flow is 
permitted through the bearing and into the turbine for additional turbine cooling requirements. 

4. 2. 1.3. 3 Turbomachinery Rotordynamics 

The P&W Advanced Launch Systems (ALS) Program is designed to produce reliable, low- 
cost rocket engine turbopumps. Pratt & Whitney uses proven design criteria and analytical 
methods in the design of rotordynamic operation for jet engine rotors and rocket engine 
turbopumps. Each Derivative Split Expander Oxygen Turbopump (DSEOT) and Fuel Turbo- 
pump (DSEFT) design incorporates configuration changes which result in stiffer rotors, 
bearings, and rotor support structures with the addition of roughened stator damper seals. For 
optimum rotordynamics, each rotor is supported by strategically located, stiff, durable bearings. 
These changes result in a significant improvement to the first fundamental bending mode of the 
rotor, moving it well beyond the maximum operating design speed. This, in addition to an 
improved rotor balance procedure, results in an effective low-speed balance of the rotor for low 
synchronous response. Rotor stability in the DSEOT and the DSEFT have been improved by 
designing the turbopumps to operate below the first vibrational mode of the rotor. Increased 
stability margin in each turbopump is provided by the introduction of roughened stator damper 
seals into the design. 

4.2,1. 3.3.1 Oxidizer Turbopump Rotordynamics 

The primary goals in the design of the DSEOT have been to provide: (1) greater than 20 
percent margin over design speed for the fundamental first bending mode for low synchronous 
response, (2) a sufficient stability margin, and (3) a high integrity rotor balance. Meeting these 
provisions has required optimization of the mechanical design of the rotor, bearings, rotor 
support, damper seals, and housings for successful rotordynamic characteristics. The initial 
P&W DSEOT design moved the first fundamental rotor bending mode, with high strain energy, 
to well above the design speed, effectively eliminating the synchronous response due to rotor 
imbalance. The pitch and bounce modes of the rotor occur at 115 and 563 percent of operating 
speed. These modes are classified as rigid body modes and are of relatively low rotor strain energy 
content. They are shown in Figures 4.2.1.3-3 and -4. 


Rotor bearing stiffness plays an important role in the dynamic behavior of all turboma- 
chinery. In high-pressure rocket turbopump designs, P&W realizes the need for the combined 
rotor support system (i.e., bearing, carrier, and backup structure) to approach or exceed the 
relative stiffness of the rotor structure. 
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J ^ b r ‘° “ ““ "**«»«. for each 

minima] internal radid ^ ' Md CaP ““ y bsl1 be "'"« " ,ith 

dfometec, high ,oad cap.^ ZZ *7* “ * ^ 

with stiff rotor design, without exceeding successful P&W hen • nw F ° ° F St * neSS ’ coupled 
successful rotordynamica criteria are 2“ .“LT ' eiPen ' nCe ’ * h “ 

r zr,sr' 

of damper seals into the turbopump design provides- (?) Z JlT I inC0rp0ratl0n 
throughout the operating speed ranve resnlHncf • 1 ? reduced synchronous response 

?“• , 2 , T 

load support between the hpArinma t ^ c ^ (3) additional rotor 

incorporated inmthe o“ ** ^ ^ “ h “ >*'”* ■— i— - «- 


237 


RlM«l/4« 



Pratt & Whitney 

FR-19691-4 
Volume II 



Ettsrsz&’srzxz s: sr 

(RPM - 37196 ) 

The DSEOT deei*n provide, for leaved «££*£*£ 
will be double piloted and inde"d *° th ' component will be dynanric check 

balance repeatability. In addition, eachm] ^ ^ ^ moment imbalance. The dynamic 

bd^r'of' tht’nto Msembly wiu'be complex with cordon, in two plane,. 

The DSEOT deal*, 

percent of the design speed. 


A critical epeed amamary to, the DSEOT » provided below. 
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w cr 

% Design 

% Rotor Strain 

(rpm) 

Speed 

Energy 

7615 

115 

35.0 

37196 

563 

• 12.4 

58056 

879 

85.0 


Mode 

Description 
Pump Pitch 
Turbine Bounce 
1st Bending 


4.2.1. 3.3.2 Fuel Turbopump Rotordynamics 

The three primary goals in the design of the DSEFT have been to provide: (1) a ^bcritical 
. ,:2 n J a sufficient stability margin, and (3) a high integrity rotor balance. Meeting 

Z 

supports, damper seals, and housing for successful rotordynamic charactenst . 

The initial phase of the DSEFT design has moved the fundamental rotor bending mode 

^d b^pXndloll'e llTof P t e he rotor, as shown in Figures 4.2.1.3-5 and -6, respectively. 
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Figure 4.2. 1.3-5. 


STBE Derivative Split Expander Fuel Turbopump Criticai Speeds 
Analysis Showing the Pump Pitch Mode of the Rotor at 96% Design 
Speed (RPM = 10815) 
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Figure 4.2. 1.3-6. STBE Derivative Split Expander Fuel Turbopump Critical Speeds 

Analysis Showing the Turbine Bounce Mode of the Rotor at 267 % Design 
Speed (RPM - 30122) 


. . bear '" g stl ( fness Pkys a very important part in the dynamic behavior of all 

turbomachinery. In high-pressure rocket turbopump designs, P&W realizes the need for the 
combined rotor support system stiffness (bearing, carrier, and backup structure) to approach or 
exceed the relative stiffness of the rotor structure to minimize rotor strain energy. 

, . The ™ tor ci l t | cal s P eed analysis has been used to set initial design requirements for each 

Sm rnr 88 ' H h H P T P i8 a large diameter - hi * h load capacity ball bearing with 

m mmum IRC and deadband. The turbine end bearing is a large diameter, high load capacity 

roller bearing with negative IRC. Without exceeding successful P&W bearing DN experience 

'TT 3tiffne J S3 . COUpled with a 3tiff rotor *»»» in this application, ensure that 
successful rotordynamic design criteria are met. 


13 filrther im P roved by eliminating the subsynchronous rotor 
citation associated with the first rotor mode below 50 percent of the design speed. This has 
been accomplished by moving the first rotor rigid mode to 96 percent of the design speed and by 
the use of roughened stator damper seals at the impeller interstage locations. 

Rotordynamic stability analysis will be used as a design tool to determine the final damper 
seal configuration requirements for optimized system dynamics. However, the DSEFT is 
designed such that damper seals are not critical to the dynamics of the rotor system. Roughened 
stator damper seals are included in the DSEFT design. Each of the seals is designed for high 
damping, moderate stiffness, and minimal leakage. The incorporation of damper seals in the 
turbopump provides reduced synchronous response throughout the operating range resulting in 
ow dynamic bearing loads and rotor deflections, sufficient margin on the OSI, and additional 
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rotor load support. Parametric studies on the interstage damper seal locations will be presented 
in design Phase B. 

Balance provisions and techniques used for DSEFT are identical to. those used for the 
DSEOT. 


A critical speed 

summary for 

DSEFT is provided below. 

W cr 

% Design 

% Rotor Strain 

Mode 

(rpm) 

Speed 

Energy 

Description 

10815 

96.0 

24.5 

Pump Pitch 

16704 

148.0 

88.8 

1st Bending 

30122 

267.0 

32.3 

Turbine Bounce 

4.2.1. 4 Combustor 





The derivative STBE split expander engine minimum chamber volume, injector design, and 
acoustic liner design were determined using the procedures outlined in section 4. 1.1.4 for the 
derived STBE engine gas generator cycle. The derivative STBE (split expander cycle) chamber 
and injector element designs are summarized in Table 4.2.1. 4-1. An L* of 41 inches is required to 
meet the specified 98 percent characteristic velocity efficiency. This is greater than that of the 
gas generator cycle engines mainly as a result of poorer atomization in the split expander due to 
less available pressure drop across the injector elements. 

Table 4.2. 1.4-1. Derivative STBE Split Expander Combustor and Injector Design 


Chamber L* (Min)-in. 

41 

Fuel Flow-lb/sec 

479.1 

AP Fuel-pai 

62.3 

L0 2 Flow-lb/sec 

1676.7 

AP L0 2 psi 

43.7 

No. of Elements 

2360 

Spud ID- in. 

0.238 

Annular Gap-in. 

0.0275 
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The acoustic liner design of the derivative STBE chamber is given in Table 4.2.1.4-2. The 
acoustic absorption of the liner is 21.0 percent at the first tangential frequency (773 Hz). This 
meets the minimum absorption requirements to stabilize combustion in the liner. 

4. 2. 1.4.1 Main Injector 

The main injector design uses 2360 coaxial, tangential entry injection elements arranged in 
a concentric pattern in a 36.960-inch diameter injector face. This type of injector element has 
consistently demonstrated efficient, stable combustion in all of the P&W high-pressure 
combustion programs. 
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Table 4. 2 A .4-2. Derivative STBE Split Expander Acoustic Liner Design 


Chamber Press ure-pai 

733.7 

Aperture — Gas Temperature-’ R 

2000 

Aperture — Gas Molecular Wt. 

21.7 

Hole Diameter-in. 

0.1 

Hole Length-in. 

0.35 

Area Ratio 

0.05 

Backing Cavity Depth-in. 

0.60 

Liner Length-in. 

7.24 

Rl 9691/47 


The oxidizer injection element is a tube which is closed at one end and has a 0.238-inch ID 
and a 0.020-inch wall thickness. The oxidizer is introduced into the tube through three slots that 
are oriented on a tangent to the tube ID. The tangential entry produces a hollow cone spray of 
liquid oxygen which results in extremely fine atomization, and rapid, stable combustion. 

Fuel is introduced through an annulus surrounding each L0 2 injection element. The 
annulus is formed by the fuel sleeve which is cast integral with the injection element and brazed 
to the porous faceplate. Fuel enters the injector from the combustion chamber coolant interface, 
and flows radially inward in the injector manifold which is formed by the interpropellant divider 
plate and the porous faceplate. At each L0 2 injection element, the fuel is directed into the 
individual fuel annuli by four radial slots in the fuel sleeve. The fuel is then discharged from a 
0.0275 in. 2 annulus surrounding each L0 2 injection element. The faceplate is fabricated from a 
porous material, woven wire product consisting of Haynes 230 cobalt alloy, allowing approxi- 
mately five percent of the fuel which is introduced into the injector to flow through the injector 
face to achieve faceplate durability. 

The main injector assembly is fabricated from fine grained cast and HIP Inconel 718 with 
cast injection elements integral with the propellant divider plate. The injector design provides for 
a center-mounted torch igniter and also is configured to contain the engine gimbal thrust 
structure. 

The main injector assembly is shown with its key dimensions in Figure 4.2.1. 4-1. The main 
injector element and element pattern are shown in Figures 4.2.1.4-2 and -3, respectively. 

4.2.1 .4 . 2 Combustion Chamber 

The combustion chamber is regeneratively cooled by fuel from the high-pressure pump 
discharge. The fuel enters the tubular cooling jacket through the inlet manifold below the throat. 
The coolant then flows forward, counter to the gas path flow, to the throat. The fuel then cools 
the chamber wall, is collected and exits through the toroidal shaped manifold. This flow 
configuration provides the coolest fuel at the throat where wall heat flux is highest. The 
combustion chamber is shown in Figure 4.2. 1.4-4. 
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Section A-A 




Figure 4.2. 1.4-2. STBE Derivative Split Expander Main Injector Element 


The thrust chamber design uses a brazed assembly of 720 double tapered, constant wall 
thickness Haynes 230 tubes. The chamber extends to a nozzle expansion area ratio of 2.40:1, has 
an injector diameter of 36.96 inches and a throat diameter of 26.14 inches, with a corresponding 
contraction ratio of 2.0. Acoustic apertures are located within the braze joints at the forward end 
of the chamber. A counterflow cooling system that uses 53 percent of the methane fuel flow is 
used to regeneratively cool the nozzle. The coolant tube dimensions are sized to meet the heat 
transfer and cycle requirements at the 600K lbf sea level thrust at 734 psia chamber pressure 
design point and reflect the following design guidelines. 

• Maximum stress < 0.2 percent yield strength. 

• Ultimate tube temperature margin > 375R. 

• Coolant Mach number < 0.5. 

• Cooling enhancement from tube curvature. 
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Figure 4.2. 1.4-3. STBE Derivative Split Expander Main Injector Pattern 

Figure 4.2.1.4-5 summarizes the throat chamber contour and tube geometry. 

The methane coolant enters the tube assembly at 251 R and 5450 psia and exits at 572 R 
and 4572 psia. The maximum predicted values of hot wall temperature and heat flux are 2120 R 
and 20 Btu/in. 2 -sec, respectively. The highest calculated coolant Mach number is 0.13. Figure 
4.2. 1.4-6 s umm arizes the predicted thermal performance characteristics for the thrust chamber. 

4.2.1. 4.3 Regeneratively Cooled Nozzle 

The regeneratively cooled nozzle is constructed from 1180 Haynes 230 nickel alloy tubes, 
brazed together and surrounded by a structural shell of closed cell elastomeric foam with a 
filament wound composite overwrap. This shell is also designed to carry all hoop loads. Coolant 
inlet and exit manifolds, fabricated from cast Haynes 230, are brazed to each end of the chamber, 
thereby forming the entire nozzle assembly. 
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Figure 4.2. 1.4-6. 


STBE Derivative Split Expander Thrust Chamber Heat Transfer 
Performance Summary 


The reeeneratively cooled nozzle design uses a brazed assembly of 1170 single tapered, 

at the 600K lbf see level thru* at 734 psia clumber procure des.gr, pomt. The tube 
geometry reflects the following design guidelines. 


. Maximum stress < 0.2 percent yield strength. 

• Ultimate tube temperature margin > 375R 

• Coolant Mach number < 0.5. 

Figure 4.2. 1.4-7 summarizes the nozzle contour and tube geometry. 
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Brazed Tubes 



Nozzle 

Break-Point 


Nozzle Cooling Tube Geometry 



Axial 


Length 

Nozzle Contour Data 

(in.) 

Nozzle Length - 80 in. 

15.00 

Inlet Expansion Ratio - 2.40 

25.11 

Exit Expansion Ratio - 13.5 

34.21 

Number of Tubes - 1170 

46.35 

Nozzle Construction - Brazed Tubes 

55.45 

Nozzle Material - Haynes 230 

64.55 


76.69 


85.79 


95.40 


Wail 

OD 

OD 

Wall 

Aspect 

Radius 

Width 

Height 

Thickness 

Ratio 

(in.) 

(in.) 

(in.) 

(in.) 


20.25 

0.107 

0.180 

0.013 

1.680 

25.15 

0.133 

0.165 

0.013 

1.235 

29.15 

0.155 

0.171 

0.013 

1.103 

33.86 

0.180 

0.199 

0.013 

1.105 

37.07 

0.198 

0.219 

0.013 

1.108 

39.95 

0.213 

0.236 

0.013 

1.109 

43.45 

0.232 

0.257 

0.013 

1.110 

45.79 

0.245 

0.272 

0.013 

1.111 

48.01 

0.257 

0.286 

0.013 

1.114 


FO 363813 

Figure 4.2.1.4-7. STBE Derivative Split Expander Nozzle Cooling Design Configuration 


, J£* meth “ e coolant enters the ^ assembly at 572 R and 4452 psia and exits at 883 R 
and 4030 psia. The maximum predicted values of hot wall temperature and heat flux are 1370 R 
and 8.5 Btu/in. -sec, respectively. The highest calculated coolant Mach number is 0.14. Figure 

i j su “ marizes predicted thermal performance characteristics for the regeneratively 
cooled nozzle. 


4. 2. 1.4. 4 Torch Igniter 

A continuous burning torch igniter was chosen for use in the main combustion system 
because of the simplicity of the design and reliability in tests. The igniter configuration employed 
evolved from development efforts since 1957 at Pratt & Whitney and is based on experience 
gained from the successful RL10 and XLR-129 engine programs 
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Nozzle Exit 
883 
4,026 



Coolant Performance 
Thrust - 100% 

- 276 Ibm/sec 

_ u 0 t Wall TemDerature and Heat Flux 

Nozzle Heat Transfer Performance 


SL Thrust - Ibf 600K 

Chamber Pressure - psia 734 

Propellant LO2/CH4 

O/F Ratio 3.50 

Coolant Flow - Ibm/sec 276 

Inlet Temperature - R 572 

Exit Temperature - R 883 


Coolant Heat Pickup - Btu/sec 67,006 
Inlet Pressure - psia 4,452 

Exit Pressure - psia 4,026 

Pressure Drop - psid 426 


Key: 

Axial Location • in. 

Wall Temp - R 
Heat Flux - Btu/in. -sec 
Temperature - R 
Pressure - psia 


FO 363814 


Figure 4.2.1.4-8. STBE Derivative Split Expander Nozzle Heat Transfer Performance 
Summary 


In the main combustion chamber, the torch is mounted axially in the center of the injector, 
directing the torch down along the centerline of the combustion chamber. 

The construction of the torch assembly is discussed in Space Transportation Main Engine 
Configuration Study, P&W FR-19830-1 Volume II, page 93. 


4.2. 1.5 Controls 

The STBE controls consist of sensors, interconnects, s controller s^stoi^|rnpett»t 
SETS sensin* hssnrds end t*in g corrective sction. A single 
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electromechanical actuator drives the turbine bypass valve. The jacket bypass* main oxidizer* 
and nozzle shutoff valves are helium actuated. The turbine bypass valve is a sleeve type valve, 
while the main oxidizer, jacket bypass, and nozzle shutoff valves use similar poppett type valves. 
The health monitor is integrated with the controller but electrically isolated to prevent health 
monitor faults from propagating into the controller and jeopardizing engine safety. 


Engine thrust is regulated by trimming the turbine bypass valve while engine mixture ratio 
is regulated by trimming the main oxidizer valve. Oxidizer flow shutoff is provided by the main 
oxidizer valve while positive fuel flow shutoff is provided by the nozzle shutoff valve and jacket 
bypass valve. 

Requirements used to establish a control and monitoring system concept are shown in 
Table 4.2.1.5-1. 

4.2. 1.5.1 Control /Health Monitor Conceptual Architecture 

Conceptually the controller/health monitor is comprised of two functions: (1) control and 
safety monitoring and 2) maintenance monitoring. Control functions are those required to start, 
maintain normal operating conditions and shutdown the engine. Safety monitoring consists of 
real time engine evaluation to determine if an emergency shutdown is required. Maintenance 
monitoring looks at functional and physical characteristics which include many that are not 
flight critical, but real time definition is necessary to properly schedule maintenance. 

The STBE engine uses a simplex, full authority digital electronic engine control with dual 
channel input/output (I/O). A single channel control with an effector system designed to direct 
engine shutdown upon loss of controller function meets the fail safe design requirement. 
Controller reliability requirements are met with dual I/O interfaces which receive inputs from 
dual sensors with the information being processed by a single microprocessor. 

The output interface supports dual-wound solenoids and a dual channel electromechanical 
actuator interface. One of the two solenoid windings in each device has the capacity for solenoid 
operation in the event that one winding fails opens. Shorted solenoid switches are accommodated 
by switching both high and low sides of the solenoid. The electromechanical actuator (EMA) 
interface is a dual active effector system with single processor control. Under normal conditions, 
each output interface provides one half the drive signal necessary for actuator control. If one of 
the EMA interfaces becomes inoperative, the current drivers in the inoperative interface are 
depowered and the gain in the remaining interface is doubled to provide full control capability. 
This dual active interface provides smooth transfers from dual channel operation to single 
channel operation. 

Actuator loop failure detection is provided by current wraparound, feedback failure 
detection and open-loop detection. Current wraparound is provided by measuring actuator 
winding current and comparing the result to the requested value. 

Feedback failures occur if the actuator position sensors produce an erroneous result to the 
controller. Feedback failure detection is provided by detecting out-of-range readings or detecting 
a difference between the dual sensor readings. Open-loop detection is provided by comparing the 
requested actuator position to the measured position. The error between the request and 
feedback is measured over a period of time and compared to a threshold value. If the measured 
actuator error is above the threshold value, an open-loop failure is declared. In the event that an 
actuator malfunction cannot be isolated to a given interface, an engine shutdown is effected by 
the system logic. 
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Figure 4.2. 1.5-1. Engine Control and Health Monitor System Functional Concept Meets All Requirements With Low-Cost Approach 
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Table 4.2. 1.5-1. Control System Requirements 


Requirement 

Engine 

Requirement 

Control System 
Requirement 

Thrust — lb 

706500 

± 3.0% 

Mixture Ratio 

NPL 

3.5 

±3.0% 

Failure Accommodation 

Fail Safe 

Redundancy Management 

Start 

Self Contained 
Control 

Accel to RPL: 5 sec 

Control Response 

Shutdown 

Decel to Zero 
Thrust in TBD sec 

Control Response 


R19MO/47 


An initiated built-in-test (IBIT) mode is provided by the controller to detect faults during 
prestart launch pad operations. In the IBIT mode, the controller is able to sequence solenoid 
valves and electromechanical actuators throughout their operating range. This feature enhances 
mission reliability by providing a low cost method for testing the system prior to launch. 

The health monitoring system works as an interface between the electronic control, engine 
sensors, and the vehicle avionics while transmitting real time data to the Vehicle Health 
Monitoring System (VHMS). Safety monitoring is performed by the electronic control with any 
performance or anomaly information passed to the maintenance monitoring unit through an 
isolation interface. Instrumentation not critical to flight operation is processed by maintenance 
monitoring electronics. Maintenance monitoring information is transmitted to the vehicle 
independently of the control. 

4. 2. 1.5. 2 Controller Hardware Approach 

Highlights of the control/health monitoring system architecture include modular design of 
the engine control functional requirements. The system level design includes control of discrete 
inputs and outputs (solenoids and switches), actuator positioning, sensor signal processing and 
control law processing. This system design is implemented using state of the art hardware which 
provides a low risk, low cost flexible control. 

Current plans are to provide a control design that meets reliability requirements with Class 
B components. By using these MIL-STD components and proper redundancy management, the 
reliability requirements can be achieved without the cost penalty of Class S components. With 
the advent of microelectronics, multiple channel controls are viable options without paying a 
significant weight penalty. Multiple channel controls will be considered during Phase B as a way 
to improve life cycle cost. 

4.2. 1.5. 3 Vehicle Interface Definition 

Independent vehicle interfaces are supported by both the engine control and health 
monitor. Independence is necessary to ensure faults in the maintenance data bus from causing a 
fault in the control data bus. These data buses will be designed to be compatible with the vehicle 
data bus selection. The only identified differences will be those that address flight criticality. The 
engine controller interface will be updated to meet different flight safety requirements. 
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Isolated interfaces between control and maintenance monitors were selected to support the 
integrated design concept. The key to these interfaces is to incorporate failure containment 
regions. Failure containment is accomplished through design. 

4. 2. 1.5. 4 Actuators/Valves 

An extensive trade study was conducted to select valve and actuator types based upon an 
assessment of cost, reliability, performance and hardware commonality. Low cost was ranked as 
the primary selection criteria with manufacturability, design simplicity and maintainability all 
being considered cost drivers. The study considered pneumatic, hydraulic and electromechanical 
actuators as well as sleeve, poppett, ball, and butterfly valves. From this study, the following 
configurations were selected. 

4.2.1. 5.4.1 Main Oxidizer Valve (MOV) 

The MOV is an on/off valve that is located downstream of the oxidizer pump and upstream 
of the thrust chamber in the oxidizer line. Its function is to control liquid oxidizer flow to the 
thrust chamber and thereby control the engine oxidizer/fuel mixture ratio. To meet the engine 
start and throttling requirements, the valve requires only one full open and one full closed 
position. The valve must provide ±10% trimmability at the open position for engine mixture 
ratio trimming during engine acceptance testing. A poppett valve has been selected as the lowest 
cost valve type which will meet all requirements. Also, as stated in the gas generator valve 
section, the poppett lends itself to precision trimming at the 90 percent open position, allowing 
accurate mixture ratio trimming. Since the valve has only two operating positions, full open and 
full closed, a translating helium piston actuator has been selected as the lowest cost option 
meeting all requirements. The actuator position will be controlled through a solenoid valve which 
is electrically scheduled by the engine controller. Discrete actuator position switches provide 
valve position feedback to the controller for preflight checkout as well as for in-flight operation. 

MOV Option No. 1 — To further reduce system cost and improve the reliability by removing 
components from the system, an optional propellant actuated MOV has been identified. The 
poppett valve may be pressure balanced and spring loaded such that the difference between the 
oxidizer pump inlet pressure and the pump outlet pressure serves as the actuation force on the 
MOV. This configuration restricts the MOV from easily being checked out during the preflight 
inspections; however, it reduces the potential of an uncommanded valve closure during main 
stage operation by removing the solenoid actuator and replacing it with a force balanced poppett 
assembly. Thus, the MOV will not close until the oxidizer pump pressure delta falls below 300 
psid, eliminating the solenoid and actuator failure mode in which the pump is overpressurized as 
a result of MOV closure at main stage operation. 

MOV Option No. 2 — The MOV may also be electromechanically actuated to provide active 
mixture ratio trim during engine operation. Using the pressure balance technique, the valve loads 
may be reduced such that the electromechanical actuator used for the turbine bypass valve 
(TBV) may also be used for the MOV. The characteristics of this actuator are discussed in the 
Ganged Gas Generator Valves/ Actuation section (4.1.1.6.4.1). 

4.2.1. 5.4.2 Nozzle Shutoff Valve (NSOV) 

The NSOV is an on/off valve that is located downstream of the fuel pump second stage 
discharge and upstream of the nozzle in the fuel system. Its function is to control fuel coolant 
flow into the nozzle. To provide maximum cost benefit, a poppett type valve similar to the MOV 
has been selected. While pressure drop and weight could be improved using a ball valve design in 
this location, these factors have been traded for the simpler, lower cost poppett which also 
provides similarity with the MOV and the cost benefits which accompany similarity in 
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development, production, and logistics support. The actuator is identical to that of the MOV 
providing additional system commonality. The actuator position will be controlled through a 
solenoid valve which is electrically scheduled by the engine controller. Discrete actuator position 

switches provide valve position feedback to the controller for preflight checkout as well as for in- 
night operation. 

4.2A.5A.3 Jacket Bypass Valve (JBV) 

The JB V is an on/off control valve that is located downstream of the first-stage fuel pump 
and before the mixer. Its function is to control the fuel flow which bypasses the nozzle coolant 
jacket. To proinde maximum cost benefit, a poppett type valve identical to the NSOV has been 
selected. While pressure drop and weight could be improved using a ball valve design in this 
location, these factors have been traded for the simpler, lower cost poppett which also provides 
commonality with the NSOV and similarity to the MOV and the cost benefits which accompany 
m de J elopment ’ Production, and logistics support. The actuator is identical to that 
of the MOV providing additional system commonality. The actuator position will be controlled 
hrough a solenoid valve which is electrically scheduled by the engine controller. Discrete 
actuator position switches provide valve position feedback to the controller for preflight checkout 
as well as for in-flight operation. 

JBV Option No. 1 - To further reduce system cost and improve the reliability by removing 
components from the system, an optional propellant actuated JBV has been identified. The 
poppett valve may be pressure balanced and spring loaded so that the difference between the 

invT^ UmP ' nl6t pressure and the P um P outlet pressure serves as the actuation force on the 
JBV. This configuration restricts the JBV from easily being checked out during the preflight 
inspections however it reduces the potential of an uncommanded valve closure during main stage 
operation by removing the solenoid actuator and replacing it with a force balanced poppett 
assembly. Thus, the JBV will not close until the oxidizer pump pressure delta falls below 300 
psid, e iminatmg the solenoid and actuator failure mode in which the pump is overpressurized as 
a result of MOV closure at main stage operation. 

JBV Option No. 2 - The JBV may also be electromechanical^ actuated to provide active 
mixture ratio trim during engine operation. Using the pressure balance technique, the valve loads 
may be reduced such that the electromechanical actuator used for the turbine bypass valve 

( ), may also be used for the JBV. The characteristics of this actuator are discussed in the 

Ganged Gas Generator Valves/ Actuation section. 

4.2.1.5.4.4 Turbine Bypass Valve (TBV) 

The TBV is a variable control valve that is located downstream of the nozzle coolant jacket 
and upstream of the fuel mixer, parallel to the turbine flow path. Its function is to control the 
amount of fuel flow bypassing the turbine flow path and thereby control engine thrust. As shown 
m the duty cycle in Figure 4.2.1.5-2 the valve also provides engine shutdown by opening to the 
maximum area. A right angle inlet to outlet translating sleeve valve was selected as the lowest 
cost option for this application. To meet the failsafe requirements for benign engine shutdown 
and to minimize the required actuator force, the TBV is pressure balanced and spring loaded to 
the open position Thus, upon loss of actuator input force, the TBV slews to the open position at 
a rate controlled by the valve fore* balance. The TBV is spring loaded open for safety in case of 
an actuator failure. 
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Figure 4.2.1.5-2. STBE Derivative Split Expander Start/Shutdown Valve Sequences 

Variable actuation will be achieved by the electromechanical actuator concept discussed m 
the Ganged Gas Generator Valves/Actuation section (4.1.1.6.4.1). 


4.2.1.5.4.5 Ancillary Valves 

To provide propellant purging upon engine shutdown, tank pressurization during engine 
operation pump interstage dam pressurization and main oxidizer valve bypass, so enoi ac ua 
SETJ5Z 5n be used. In each case the valves are low cost poppett type valves which 
require only short stroke actuation. For the propellant purge valves, a check valve is located 
between the poppett and the propellant line to help insure that the propellant is isolated from 
helium system P These valves will incorporate commonality when possible, however sizing 
flafe dements for each valve must be defined before the degree of commonality can be 

established. 


4.2.1. 5.5 Operation 

4.2.1. 5.5.1 Pre-Launch Checkout 

All helium and electromechanical^ actuated engine valves are stroked from full closed to 
full open to Ml closed for pre-sta* valve checkout. The health "" 

this pre-launch checkout sequence and identify those line replaceable units (LRU s) which 

not within specifications for repair or replacement. 


4.2.1.5.5.2 Prestart 

(Refer to valve logic schematic in Figure 4.2.1.5-3) 
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During prestart, the entire engine fuel and oxidizer systems are purged with GHe and GN 2 , 
respectively. Then following a TBD time interval, the engine control valves are closed. All 
purging downstream of the fuel side engine valves continues to prevent air (or oxygen) from 
entering the fuel side volumes when engine start is initiated. As soon as the engine valves are 
confirmed close, both engine inlet valves are opened to initiate the “cold soak ’ pump cooldown 
process. The engine is then held in a “start ready” condition. 


4.2.1.5.5.3 Start 

(Refer to valve timing in Figure 4. 2. 1.5-2) 

When the engine control receives a start command, the start sequence is initiated. The start 
sequence begins by opening the MOV to 25 percent area, providing the L0 2 to the L0 2 injector 
and the igniter. During this time, the fuel purge solenoids Nos. 2 and 3 are open to prevent 
oxygen from entering the fuel system. After 0.6 second, the NSOV is opened and the igniter 
spark is turned on. The fuel path from the NSOV to the torch igniter is shorter than the path to 
the fuel injector. As a result, the torch is lit before fuel reaches the injector. The NOSV opening 
is timed so that the L0 2 injector is filled prior to fuel entering the main chamber. After filling, 
the spark igniter is turned off and the fuel purge solenoids are closed. 

As fuel exits through the cooling jacket (which is initially at ambient temperature), it is 
heated to approximately metal temperature, providing energy to accelerate the turbines. As the 
combustion energy becomes available, acceleration increases and the pump pressures will 
increase enough to open the MOV and the JBV. The TBV will open as a function of turbine 
pressure drop as chamber pressure approaches RPL. (See Figures 4.2. 1.5-4 through -6) 



Figure 4.2. 1.5-4. STBE Split Expander Start/Shutdown Transient Analysis 
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Figure 4.2. 1.5-5, STBE Split Expander Turbopump Start/ Shutdown Transient 
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Figure 4.2. 1.5-6. STBE Split Expander Operational Characteristics and Response During 
Start /Shutdown 

4.2.1. 5.5.4 Main Stage 

The MOV and JBV are opened to maximum areas for main stage operation. 
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Thrust and main chamber mixture ratio are trimmed prior to ni ^ dun n g grou d 
calibration testing by position trimming of the TBV and MOV control valves. Both the TBV and 
MOV trim stops are adjusted at the 706,500-pound vacuum thrust setting. 

Analytical studies have shown that the ±3% thrust and mixture ratio requirement can be 
met with open-loop control. 

4.2.1. 5.5.5 Shutdown 

The engine shutdown is initiated by placing the turbine bypass valve in its maximum area 
position when the shutdown signal is received from the vehicle (See Figures 4.21.5-4 throug ■ l 
This reduces turbopump turbine power and decelerates the turbopumps. Subsequently the 
nozzle shutoff valve is closed, while the JB V and MOV closes due to a decrease m actuation AP s. 
The MOV must close last in the shutdown sequence to prevent unloading of the L0 2 pump. 

4.2.1. 6 Engine Configuration and Integration 

4.2.1. 6.1 Derivative STBE Split Expander Engine Assembly 

The side and top views of the Derivative STBE Split Expander Engine assembly are shown 
in Figures 4.2.1.6-1 and -2, respectively. 

4.2.1. 6.2 GO 2 Heat Exchanger 

The GO, heat exchanger provides gaseous oxygen to the oxygen tank for tank pressuriza- 
tion The GO, heat exchanger uses oxidizer turbine exhaust duct flow as the heat source o 
vaporize the liquid oxygen as shown in Figure 4.2.1.2-1. The heat exchanger consists of five 
Haynes 214 stainless steel tubes wrapped in parallel around the exhaust duct. The exhaust duct 
wall is made of beryllium copper with trip-strip roughened walls to enhance the heat transfer. 
The tubes are packed in powdered copper to structurally isolate the tubes from the duct wall 
while providing a good heat transfer medium. This design eliminates the possibility of accidental 
mixing of the oxygen and exhaust turbine flows, thereby eliminating a category 1 failure mode. 

The GO, heat exchanger requires five 3/8-inch diameter tubes 41.0-feet long, wrapped 
around the 7-inch duct. The tubes have 0.015-inch thick walls and are separated from one 
another by 0.050-inch, requiring a total duct length of 3.70 feet. Figure 4.2.1.6-3 dramatically 
presents the G0 2 heat exchanger geometry. The G0 2 heat exchanger has been therm y an yze 
for the STBE 100 percent engine operating point with an oxygen flow rate of 8.4 Ibm/s . 
heat exchanger is designed to supply 400 R oxygen to the tank. Figure 4.2.1.6-3 also summarizes 
the predicted heat exchanger performance. 

4.2.1. 6.3 Reliability. Maintainability, and Safety 
4.2.1. 6.3.1 Reliability 

This section provides a complete preliminary Failure Modes and Effects Ana'S™* (FMEA) 
for the Space Transportation Booster Engine (STBE) Split Expander Cycle. The sectron 
includes the definitions and details used to perform the analysis. 
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Figure 4.2.1. 6-2. STBE Split Expander Engine Assembly — Top View 


Introduction 

Failure Modes and Effects Analysis (FMEA) for the STBE Split Expander Cycle Engine 
has been prepared to identify those items that are essential to engine operation. Engine 
components were analyzed to identify potential failure modes, determine their effect on engine 
operation, and rank the effects according to Condition Classification. The complete FMEA’s are 
presented in Figure 4.2.1.6-4 and Table 4.2. 1.6-1. 
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Figure 4.2. 1.6-3. STBE Derivative Split Expander G0 2 HEX Geometry and Performance Data 
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Figure 4.2. 1.6-4. Preliminary FMEA — Major Engine Sections (Sheet 1 of 4) 
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Figure 4.2.1.6-4. Preliminary FMEA - Oriiirer System (Sheet 3 of 4) 


266 






Pratt & Whitney 

FR-19691-4 
Volume II 



FDA 354836 


Figure 4.2.1.6-4. Preliminary FMEA - Main Thrust, Control , Helium, and Engine 
Condition Monitoring Systems ( Sheet 4 of 4) 
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Table 4.2. 1.6-1. Failure Mode and Effects Analysis (Continued) 
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Table 4.2. 1.6-1. Failure Mode and Effects Analysis ( Continued ) 
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Results 

This section is intentionally left blank at this time. It will be developed as the analysis 
proceeds. 

Conclusions 

This section is intentionally left blank at this time. It will be developed as the analysis 
proceeds. 

Applicable Documents 

NHB 5300. 4( ID. 2) Safety, Reliability and Quality Provisions for SSME Programs 
Procedure 

This report was prepared in accordance with STBE Reliability requirements. 

Ground Rules and Assumptions 

The following ground rules and assumptions were used in the preparation of the FMEA. 
Level of Analysis 

a. The analysis is conducted at the component and major subassembly level. In 
subsequent updates, the FMEA will contain both a hardware and a 
functional analysis. To show the distinction, the index numbers have been 
modified to differentiate between functional and hardware type of analysis. 

b. Condition category I and II items will be analyzed to the level necessary to 
verify adequate controls are in place. 

c. External fire, explosion, or case penetration that could endanger the 
remaining engines are classified as Condition Classification I. 

d. The worst case effect of leakage is fire/explosion. In this analysis, leakage 
will be classified as Condition I. 

e. The analysis was conducted considering the engine operation at normal 
power. Subsequent updates will consider the mission phases in the following 
paragraph. 

f. The helium solenoids, valve actuators, sensors, and monitoring devices have 
not been analyzed. Analysis of these items will be provided in subsequent 
updates. 
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Mission Phases 


The engine will be analyzed for potential failure modes of a single flight in each of the 
following mission phases: 


Event 


Phase 


Pre-start 
Start Command 
Normal Power 
Max Thrust 
Cutoff Command 
Dump 


Pre-ignition 

Engine Start 

Main Stage Operation 

Main Stage (Lift Off) 

Shutdown 

After Shutdown 


Abbreviation 

P 

S 

N 

M 

C 

D 


Failure Modes 

a. Failure modes will be identified for each level or output applicable to the 
operational phase being considered. 

b. The analysis will consider only one failure mode to have occurred at any 
given time and will be the basis for establishing Condition Classification. 

c. Leakage at all mechanical joints shall be analyzed. 

cL Welded or brazed joints shall be analyzed for structural failure. 

e. Failure mode causes shall be identified for all Condition Classifications I, II, 
and III. 


Reaction Time 

The analysis will determine the time for the failure effect to occur, and it is specified in 
units of time as indicated below: 


Definition 


Abbreviation 


Immediate 

Seconds 

Minutes 

Hours 

Days 


— Less than a second 

— 1 to 60 seconds 

— 60 seconds to 60 minutes 

— 60 minutes to 24 hours 

— 24 hours to mission completion 


IMM 

SEC 

MIN 

HRS 

DYS 


If a failure detection method is available, it is specified with time to safely correct the 
problem. If a detection system is available, but would not safely correct the problem, this is also 

noted. 


Failure Effects 

a. Failure effects will be analyzed for each identified failure mode. Where a 
piece part failure can cause a failure of another part, the Condition 
Classification will be based on the likely effect of the resultant or combined 
failures. 

b. Condition designation should reflect “the most likely^’ potential effect of the 
failure mode in either countdown or flight. This includes possible cata- 
strophic effects, such as fire/explosion, as well as effects of loss of hardware 
functions. Single failures, such as leakage of L0 2 , in the presence of a 
possible ignition source, will be listed as potential fire/single failure point. 
Leakage of hot gas is classified Condition I. 
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Structural Failure Modes 


Structures are excluded from the FMEA, with the exemptions listed below. 


a. Pressure vessels, components housings, ducts, fluid lines, sliding joints, 
expansion joints, bolts, attach fittings, or load carrying members such as 
rods will be analyzed for structural failures. 

b. Structural failures of piece parts shall be considered valid failure causes for 
component failure mode analysis. 

c. Items which have a single mechanical barrier between oxidizer and 
fuel/combustible gas. 

d Items that are known to develop “acceptable defects” within their allowed 
time for usage, shall be analyzed for worst case of defect propagation. 

e. Aerodynamically sensitive items. 

f. Items having internal cavities which can induce an internal overpressure 
from migrating fluid because of leak from inside or outside. 

g. Leakage at all joints that are formed by weld or braze shall be analyzed to 
assess the effect of a leak impinging on other components or flammable 
surfaces. 

h. Welds or braze joints that cannot be inspected will be analyzed for leakage 
and for structural failure effects. 

Criticality Category 

The criticality category for each failure mode will be assessed for its effect on missions as 
follows: 


Condition Mission Effect 

I A potential failure mode resulting in fire/explosion 

or other hazardous condition that could impact 
the surrounding area. 

II A potential failure mode that could result in an 

unscheduled safe engine shutdown. 

III A potential failure mode that could result in the 

engine safely operating outside of required param- 
eters. 


4.2. 1.6. 3. 2 Ma intainability 

Preliminary maintainability design criteria for the STBE haa been defined and provided to 
design engineers in a memorandum. The design criteria was derived from the statement of work 
(SOW), preliminary guidance from ALS airframers, and experience gained from other liquid 
rocket programs. Experience gained includes the Pratt & Whitney RL10 and Alternate 
Turbopump Development (ATD) programs and information from various NASA reports relative 
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to the SSME, FI, J2, HI, RS-27, Thor, and Atlas programs. Updates will be made to the 
maintainability design criteria as additional requirements are identified. 

Pratt & Whitney maintainability engineering has been working in conjunction with the 
ALS airframers to define an overall maintenance concept for the STBE. Definition o 
maintenance concept will provide necessary guidance in identifying those propulsion system 
components that are either line replaceable units (LRU’s) or modules The definition and lists of 
LRU’s and modules and preliminary maintenance concepts will be provided in subsequent 

reports. 

4.2.1. 6.3.3 System Safety 

To support the development of design requirements. System Safety dev *!°^ 

Analyses of the split expander engine systems and their major components. These Fault Trees 
are high-level models to study the overall systemic effects of generic events such as 
“turbopump mechanical malfunction”. Detailed fault trees investigating events such as bearing 
rate fracture” within a turbopump will be developed during Phase B studies. 

The Fault Trees were analyzed to identify those events with possible catastrophic results. 
The identified events and their effects on the system were then analyzed to determine safety 
requirements which would eliminate or reduce the probability and/or severity of the undesired 
effect. These requirements have been summarized and provided to Project Engineering or 
inclusion as engine system design requirements during Phase B design activities. 

The objective of this effort is to reduce the probability of a catastrophic engine event (one 
that results in the loss of the payload or the vehicle, or the death or serious injury of a person) to 
the lowest possible level. This will be accomplished by using the fault trees t0 lden ^ lfy ?^ 
diagnostic elements which detect potentially hazardous conditions in time to effect an engine 
shutdown before the event becomes catastrophic. The overall goal is to contain the damage 
within the malfunctioning engine thus avoiding potential damage to an adjacent engine. 


4. 2. 1.6. 4 Engine Performance 


The modified STME nozzle performance was determined during the preliminary desig 
using the accepted JANNAF methodolgy. Table 4.2.1.6-2 lists the detailed analysis for the design 
power level (DPL) of 600,000 lbf sea level thrust. 


Table 4.2. 1.6-2. Modified STME Split Expander Nozzle Performance 


Design Power Level 

Pressure — psia 

733.7 

Mixture Ratio 

3.5 

Area Ratio 

13.6 

Ideal Isp — sec 

340.6 

Delta lap ERE — sec 

-6.86 

Delta Isp KIN — sec 

-0.60 

Delta Isp TDK — sec 

-4.22 

Delta lap BLM — sec 

-1.29 

Delta Isp Vac — sec 

327.7 

Flowrate — lbm/s 

2,156.8 

Vac- Thrust 

706.500.0 

R1MB1/4? 


During this study program, detailed aerothermai analyses were made to predict component 
performance levels and these were incorporated into a steady-state model of the complete engine. 
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Simplified flow schematics are presented in Figure 4.2.1.6-5 with key operating parameters noted 
for the design thrust level. Table 4. 2.1. 6-3 defines performance of the individual components and 
their operating environments for the modified STME at the design power level. 

The modified STME uses an external G0 2 heat exchanger to pressurize the L0 2 tank. This 
eliminates a category 1 failure mode. The heat exchanger uses the hot methane jacket exit flow to 
vaporize a small amount of L0 2 which is returned to the tank. The methane tank is pressurized 

with gaseous methane tapped off at the exit of the second turbine that drives the oxidizer main 
pump. 

The modified STME was analyzed for a single operating thrust of 600,000 Ibf at sea level. 

4. 2. 1.6. 5 Engine Costs 

This section summarizes cost estimates for the 600K SL thrust, 734 psia chamber pressure, 
Derivative STBE Split Expander cycle. Table 4. 2. 1.6-4 summarizes significant costs for the 
engine. 

The DDT&E Cost includes all of the functions required to design, develop, test and 
evaluate the engine system. All of the DDT&E functions shown in the ALS engine WBS (see 
Volume III) have been included. Development Cost is based on a 90-month phase C/D program 
with 960 engine firings for the STME Split Expander and 488 for the Derivative STBE Split 
Expander. Sufficient accountable firings have been included in the program to demonstrate 0.99 
engine reliability with one failure. 

The engine Theoretical First Unit (TFU) production cost includes all the recurring 
operational production cost elements specified in the ALS engine WBS. It includes manufactur- 
ing and acceptance of the Integrated Engine System, System Engineering and Integration, 

Program Management, Facilities Maintenance and Tooling Maintenance. The TFU estimate is 
based on a lot size of 100 and a 90-percent learning curve. 

The Operations Cost per launch per engine includes all costs associated with the 
operational flight program as described in the ALS engine WBS. It includes Program 
Management, System Engineering and Integration, Facilities Maintenance, Operation and 
Support, and Training. The Operations Cost is based on a flight rate of 10 missions per year and 
it is the estimated cost that will be achieved after 100 total missions have been flown. 

4.2.2 Unique Split Expander Cycle Engine 

4.2.2. 1 Engine Design Evolution 

The STBE L0 2 /CH 4 Split Expander Engine Study was initiated during the second quarter 
of 1988 as a Normal Power Level (NPL) design at 625K lbf sea level thrust. This engine was 
discussed in FR-19691-3 including flow schematic and cycle description, and is shown in Figure 
4.2.2.1-1. 

Further engine study refined the design through the last quarter of 1988. The significant 
changes from the initial design included the elimination of low-pressure boost pumps and the 
increased thrust to 750K lbf sea level as the Design Power Level. The engine assembly and major 
characteristics are shown in Figure 4.2.2.1-2. 
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fable 4.2. 1.6-3. 
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CHAM BLR PRESSURE PSTA 
VAC ENGINE THRUST tar 
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Df:L . VACUUM 
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NO//U-: LX IT 
,MJ ' 2t E tulJG, 

N0Z71 E AREA RATIO 


PFAI] £ l.'HI INLY 
-ilMI L0X/CM6 MUOIIILD ENGINE 


RATE 

ISP 

DIA. 


L BfVS 
SIC 
IN? 
IN 
i N 


engine mixture ratio 


735.7 
706 500 . 
600032 . 
2155.8 
327.73 
556 .50 
96 . 03 
■ 39 
13.5 
3.50 


HEAT TRANSI f R/COMB PEPEPRS - wr it 


engine station CONDT T rnw<^ 


CMAMBCR UMPFRATURF DFC R 
CHAMBER GAS CONSTANT 
CHAMBFR GAMMA 
COMBUSTION cx IlflCJINCY 
CHAMBTRxNO/ZiC COOIANT DP 
CHAMBCR/NOMlf; COOLANT DT A7A 

'Mr2'2 / - HOmE 0 lJBsfo 

'-i.AT.BcR riAIFRIAl ,/,Y •r* ->tr 

N072LE MATERIAL HA YNFS »n 

COOL CONFIG. COUNTER 8 fIraUFL 


6 363. 
71 . 
1 .20 
0.930 
163 0 . 
625. 


STATION 
PUMP INLET 
1ST STAGE EXIT 
JBV INLET 
JBV EXIT 
PUMP EXIT 
NSOV INLET 
NSOV EXIT 
COOLANT INLET 
COOLANT EXIT 
TBV INLET 
TBV EXIT 
CrlA TRB INLET 
CHA TRB EXIT 
fH<i TRB DIFFUSER 
LOX TRB INLET 
LOX TRB EXIT 
COX TRB DIFFUSER 

oofJSJ^S^ 

gox e h £ at exch out 

PSOV INLET 
PSOV EXIT 
CHAMBER INJ 
CHAMBER 


PUEL SYSTEM CONDITIONS 


PRESS 
67.0 
2565. 9 

2533.6 
395.3 

5760.3 

5760.3 

5581.7 
5506.6 
6 026.2 

3987.3 
895.3 

3987.8 

1381.9 
1367.1 

1318.9 

939 . 7 

918.8 
67.0 

918.8 

895.3 
895.3 

832.9 
796.0 
786.2 
733.7 


TEMP 
201 . 0 
218.3 
218.3 
2 26.8 
269.9 

269.9 

250.9 
251 . 3 
876.7 
876 . 5 
866 . 
876 . _ 
720.6 
720. 
719. 
670 . 
670. 

661 . 
670. 
661.9 
6 08.6 
603.1 

399.8 

398 . 9 


i-8 


J.3 

).S 


L.7 


FLOW 
681 . 1 
681 . 1 
206 . 9 
206.9 
276. 2 
276.2 
276.2 
276. Z 

276.2 
25.8 
25.8 

250.3 
250.3 
250.3 
250.3 
250.3 

250.3 

2.0 

268.3 
268.3 
679.1 
679.1 
679.1 
679.1 


STATION 
PUMP INLET 
PUMP EXIT 

02 TANK PRESS 
OCV INLET 
OCV EXIT 
CHAMBER INJ 
CHAMBER 


* OXYGEN SYSTEM CONDITIONS 


PRESS 

67.0 

1223.8 

67.0 

1198.0 

796.6 
777.3 

733.7 


TEMP 
166.0 
168.9 
600 . 0 
169 . 0 
-'70.6 
170.5 


FLOW 
1685.1 
1685. 1 


8 

1676 
1676 . 
1676. 


ENTHALPY 

123.1 

168.2 
168 . 2 
168 . 2 
187.8 
187.8 
187.8 
187.8 
689.3 
689. 
689. 
689. 
597. 
597. 
597. 
571 . 
571. 
571.5 

571.5 
566.8 

396.6 
396.6 
396.6 
396.6 


ENTHALPY 

61.6 

65.5 

206.6 

65.5 

65.5 

65.5 


1.3 


f . 3 


L . 5 


DENSITY 
26 . 60 
26.53 
26.52 

25.65 
26.36 
26.36 
26.27 
26.23 

6.51 

6.65 
1 . 59 
6.65 
2.95 
2.92 
2.82 
2.18 
2.13 
0.11 
2.13 
2.10 
6.76 
6.63 
6.26 
6.19 


density 

7 0.98 
71.32 
0.36 
71.28 
70.63 
70.60 


VALVE 

JBV 

NSOV 

TBV 

FSOV 

OCV 


injector 

FUEL 

LOX 


VALVE DATA X 


DELTA P 
1638. 

159. 
3093. 
37. 
401 . 


DELTA P 
52. 
64 . 


AREA 
1 .47 
6 . 39 
0.69 

1 6 .83 


FLOW 
206 . 90 
276.16 
25.85 
479.06 
1676.70 


INJECTOR DATA x 


AREA 

53.45 

‘523 


FLOW 

479.06 

1676.70 


x bypass 

42.59 

9.36 


VELOCITY 

231.61 

75.61 
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Table 4.2. 1.6-3. 


Modified STME Derivative Split Expander 
On. nor Tsuel ( Continued ) 


Engine Performance — 


PAGE 2 OF 2 


PRATT & WHITNEY 
STME L0X/CH4 MODIFIED ENGINE 


. . . r- r'u a i? &r*T FR I ST I CS 


XXX*XX 
X 

XXX 


XXX 
X 
X 




efficiency 

EFFICIENCY 
PRESSURE RATIO 
PRESSURE RATIO 
POWER 
SPEED 

MEAN diameter 
blade HEIGHT 

VEL. RATIO /ACTUAL 

MAX TIP SPEED CFT/Stu; 
AN**2 X 10**8 u 

effect, area (IN**| 

GAS CON. (FT-LB/LB k> 
pytt^MACH NUMBER 


(T/T) 
(T/S) 
(T/T) 
(T/S) 
(HP) 
(RPM) 
(BTU/LB) 
(IN) 
(IN) 


MAIN 
FUEL 
TURB. 
STAGE 1 
xxx****** 

0.890 
0.873 
1.64 
1.66 
15971- 
10953. 
45.1 
17.30 
0.700 
0.550 
S61 . 

46. 

4.830 

96.3 

1.332 

0.122 


MAIN 

FUEL 

TURB. 

STAGE 2 

xxx****** 

0.897 

0.866 

1.76 

1.79 

16602. 

10953. 

46.9 

17.65 

1.050 

0.551 

894. 

70. 

7.535 

96.3 

1.332 

0.181 


MAIN 
OXID. 
TURB. 
STAGE 1 
X******** 

0 .905 
0.689 
1.18 
1.24 
4540. 
5014. 
12.8 
12.60 
1.600 
0.344 
311. 
16. 
17.602 
96.3 
1.358 
0.279 


PUMP PERFORMANCE CHARACTERISTICS 


efficiency 

POWER 

SPEED 

NPSH AVAILABLE 


(HP) 

(RPM) 

(FT) 


SS SPEED 
S SPEED 
HEAD RISE 
DIAMETER > 
TIP SPEED 
VOL FLOW , 
HEAD COEF. , 
FLOW COEF . , 


(FT) 
EXIT UN) 
(FT/SEC) 
exit (GPM) 


MAIN 
FUEL 
PUMP 
STAGE 1 
xxx****** 

0.694 

17119. 

10953. 

177.7 

25063. 

787. 

13580. 

17.95 

859. 

8139. 

0.593 

0.103 


MAIN 
FUEL 
PUMP 
STAGE 2 
xxx****** 

0.565 

15454. 

10953. 

13655.8 

742. 

494. 

17402. 

20.51 

981. 

4703. 

0.568 

0.113 


MAIN 
OXID. 
PUMP 
STAGE 1 
xxx****** 

0.796 
9157 . 
5014. 
62.6 
25158. 
1519. 
2379 . 
18.22 
399. 
10605. 
0.481 
0.140 


MAIN 
OXID. 
TURB. 
STAGE 2 

X******** 


0.878 
0.703 
1.19 
1.25 
4617 . 
5000. 

13.0 

12.90 

1.900 

0.349 

324. 

19. 

19.756 

96.3 

1.358 

0.259 
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Table 4. 2. 1.6-4. Derivative STBE Split Expander Costs 


Total Development Coat (DDT&E), M$500* 
Production Cost (TFU), M$8.1 
Operations Cost/Launch/Engine, M$0.126** 
Constant FY87$ 

•Applies to Derivative STBE Split Expander; 
an additional M$900 Development Program ia 
estimated for the STME Split Expander. 
••Based on the 100th mission, 10 missions per 

year, and seven boosters engines. 

R 1969 1/47 



Propellants 

CH./LOj 

Mixture Ratio 

3.5 

Chamber Pressure - psia 

877 

Thrust - Vacuum 

Sea Level - lb 

762,900 

625,000 

Specific Impulse - Vacuum 

Sea Level - sec 

342.8 

280.8 

Nozzle Area Ratio 

20 

Diameter - in. 

136 

Length - in. 

205 

Weight - lb 

6394 


FD 357542 


Figure 4.2.2. 1-1. STBE L0 2 jCH 4 Unique Split Expander Engine at Normal Operating 
Conditions 


4.2. 2.2 Engine Cycle 

The STBE (SE) is a split expander cycle with liquid oxygen and liquid methane as the 
propellants. This engine operates at a main chamber pressure of 764.5 psia at the normal power 
level (NPL) of 625K lb and has the capability of running at a design power level of 750K lb. The 
nozzle area ratio is optimized, for a booster engine application, at 13.5:1 and results in a delivered 
sea level specific impulse of 281.4 seconds at NPL. Figure 4.2.2. 1-2 presents selected engine 
characteristics at the normal power level. 

4.2. 2.2.1 Flowpath Description 

A simplified flow schematic for the STBE (SE) is presented in Figure 4.2.2.2-1 showing 
only the major flow paths and components. 
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Figure 4.2.2. 1-2. STBE L0 2 /CH 4 Unique Split Expander Engine at Design Operating Conditions 
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systems. 

At normal power level jhe Mage pump'etit' 44 percent of the 

K^t^ 

chamber jacket and turbines. e discharge level is 4072 psia. From the second stage 

of the methane pump. The secon ^ P ^ s ® uto ff valve into the chamber wall passages 

pump exit, the methane is rout^ throug ^ fche nozzle wa ll where there is 

where there is counterflow coo g , nrovide Dower to drive the propellant 

parallel flow cooling. This heated methane is then ^fJ^ The hot (920 R) 

pumps. 87.3 percent of the «o=l. ^ turbine end is subsequently 

methane gas is initially expanded thro g The turbine exhaust is then routed to a 

the methane How, and is then iniected into the 

main chamber. 

At normal power level ? s Zt£ STufh T^Z^Z 

level of 978.0 psia. From the pump exit, tne oxygc.. 
injected directly into the main chamber. 

Some key design conditions tor the pumps are listed in Table 42.2.2-1. 


ToNe 4. 2. 2.2-1. Unique STBE Split-Expander Design Conditions 


HPFTP 

Pressure — paia 

Speed — rpm 

Turbine Temperature — R 

Pump Stages 

Turbine Stages 

4072. 

9689. 

920. 

2 

1 

HPOTP 

Pressure — paia 

Speed — rpm 

Turbine Temperature — R 

Pump Stages 

Turbine Stages 

978. 

4064. 

826. 

1 

1 

Main Chamber 
Chamber Pressure — psia 
Heat Pickup — btu/sec 
Coolant Flow — Ibm/sec 

766. 

154,994 

275. 

RlMBl/4? 


4. 2. 2. 2. 2 Engine Operation 

The engine is a timed science p~-£l J ‘ %££££££!£ 

ignition. The oxidizer lead avoids hazardous P Qn Reliability of ignition is enhanced 

r d tolTtod“iu«7e m .lTnt miawre ratio during propels filling includes the full 

£££ tSS nature ratio, from gteatet thm, 200 to less than one. 

With the oiiditer lead sequence, the LO, ejector is ^(Thehum purge is used 

^mTThSfr tn^S: %J£ *.* ^ger of ho, gee 11™ revels during transient 
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an electrical spark-excited. 


operation. Main chamber ignition will be accomplished with 
oxygen/methane torch igniter (regeneratively cooled minf-nPket) 

TB V^MOV 6 in^Figure" *2 2^1 acc™! 6 ^ of the five valv ^ (NSOV, JBV, FSOV 

open-loop schedules to full thnfst aCCeleratl0n ,s accomplished by scheduling the valves on 


(MOVWhkh 1 C !° S t eiCCPt In “ ain ° Xidizer Va]ve 

the engine is adequately preconditioned, thfMOV o^nsTuXr^ mjeCt .° r coold « wn - Once 
injector prior to ignition. During the process of fill,™ /T rn H completely fill the L0 2 
(NSOV) remains closed to prevent a X tZ . / u 2 the n0zzle shutoff valva 

injector is full, the NSOV^nd the fuel shutoff " OZZ . la ^ a “ ber cool,n g J^ket. Once the L0 2 
freely to the injector. At this point the iaS ° ™ S ° the fuel can flow 

(TBV) remain closed so as to force all of the avail aW^f 7 fu ^ f”? tbe turb,ne bypass valve 
and upon sufficient power from the turbines the inrk *• (7 rougb tbe turbines. After ignition 
from the pump firsXage ^ ^7 (JBV) ° pens t0 *«>■“ 

TBV opens to control LbTne £fwer At th is lin^th thn “ t Ievel » a chieved, the 

conditions. ^ At thlS P 0 '^- the en & ne should be at its steady-state 

First .Ihf ?urt?„“ d b™ai 8 »dT(T^n“lX h T d sch f duli ”« of ^ P'opellsnt valves, 

pumps. Then the meihane system fsliu d„w^ T* 7"!*"“ P«*« and slow the 

shut off valve (NSOV) and fuel shut off valve (reo\n7f^ J ,f?“ ! W * S8 VaIve (JBV) ’ "°" le 
esc^methane. Finally, the oxidises system is shut’^l^Kl^^ ~ 

4. 2.2.3 Turbomachinery 


4.2.2.3. 1 


Unique STBE Split Expander Oxidizer Turbopump 


shrouded impeller pump P with im MeUnduXX 2 2 ^*h’ 13 COnfigured 83 a sin & le centrifugal 
inducer and impeller, m^dToffi™ XnXX S ‘ tW P’ 3tage aiial turbine. The 
through a single turbine disk w th made o'fW ^ t0 the tUrbine 

rrriHr 

hearing, made of 440C mater, ^ 


Derivative Gas GeXaXcSzer tSrbop^p 8 ° f thlS tUrb ° pump " e the same as the STBE 
4. 2. 2.3.2 Unique STBE Split Expander Fuel Turbopump 

impelkr pump*driwn U ^ > a si7gle-Ttage SS £?£?* 2" .* J~*- -^gal shrouded 
the impellers, made of titanium A110 ELI are ™ 1x7!' Tl* mducer ’ made of aluminum, and 

disk with an integral shaft madTof Waspdov PuZ^I P K - & 3ingle tUfbine 

fabricated from aluminum to minimize machining co^s The'^h Z* dlScharge housin ^ s 
rotor, has its blades formed by EDM process Onf h*n7 ? iPT? ’ h 6 '” 8 “ ,nte 8N»lly bladed 

will be used to support the 3™ s' wT h^lt It™ 

major components. 811 4 shows the fuel turbopump and its 
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The mechanical description of the features of this turbopump are the same as the STBE 
Derivative Gas Generator Fuel turbopump. 

4.2. 2. 4 Combustor 

The unique STBE split expander engine minimum chamber volume, injector design, and 
acoustic liner design were determined using the procedures outlined in section 4.1.1.4 for the 
derived STBE engine. The unique STBE chamber and injector element designs are summarized 
in Table 4.2.2. 4-1. An L* of 49 inches is required to meet the specified 98 percent characteristic 
velocity efficiency. This is greater than that of the gas generator cycle engines mainly as a result 
of poorer atomization in the split expander due to less available pressure drop across the injector 

elements. 

Table 4.2.2.4-1. Unique STBE Split Expander Combustor and Injector Design 


Chamber L* (Min)-in. 

49 

Fuel Flow-lb/sec 

577.2 

AP Fuel-pai 

75.4 

L0 2 Flow-lb/sec 

2020.1 

AP L0 2 psi 

58.1 

No. of Elements 

1632 

Spud ID-in. 

0.303 

Annular Gap in. 

0.03 

Ri9»l/47 


The acoustic liner design of the unique STBE chamber is given in Table 4.2.2.4-2. The 
acoustic absorption of the liner is 20.6 percent at the first tangential frequency (760 iH*). This 
relatively low absorption is primarily a result of the low resonant frequency and high Mach 
numbers that exist in the chamber due to its diameter (38.11 in.) and contraction ratio (2. ). 


Table 4.2.2.4-2. Acoustic Liner Design 


Chamber Pressure -p si 
Aperture — Gas Temperature-* R 
Aperture — Gas Molecular Wt. 
Hole Diameter-in. 

Hole Length- in. 

Area Ratio 

Backing Cavity Depth-in. 

Liner Length-in. 


895.3 

2000 

21.8 

0.10 

0.35 

0.05 

0.60 

7.24 

R19«l/47 


4. 2. 2. 4.1 Main Injector 

The mechanical description of the features of this main injector are the same as the STBE 
Derivative Gas Generator main injector, with the exception that this injector has a toroidal fuel 
inlet manifold. The main injector assembly, injector element, and injector pattern are shown in 
Figures 4.2.2.4-1 through -3, respectively. 
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Figure 4.2.2.4-2. STBE Unique Split Expander Main Injector Element 
4. 2.2.4. 2 Combustion Chamber 

The combustion chamber is regeneratively cooled by fuel from the high pressure pump 
discharge. The fuel enters the tubular cooling jacket through the inlet manifold below the throat. 
The coolant then flows forward, counter to the gas path flow, to the throat. The fuel then cools 
the chamber wall, is collected, and exits through the toroidal manifold. This flow configuration 
provides the coolest fuel at the throat where wall heat flux is highest. The combustion chamber 
assembly and its major features are shown in Figure 4.2.2.4-4. 

The main combustion chamber is constructed of 630 double-taper Haynes 230 nickel alloy 
tubes brazed together. Coolant inlet and exit manifolds are brazed to each end of the chamber. 
Simultaneously, a structural jacket is brazed to the backside of the tubes to contain the hoop 
loads due to the combustion chamber pressure. The axial thrust load from the nozzle is carried by 
the structural jacket and an exterior cylindrical collar welded to each manifold. 
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3.0° on 18.645 in. R 
120 Elements on Outer 



1512 Elements in Field 

FO 359948 


Figure 4.2.2.4S. STBE Unique Split Expander Main Injector Pattern 
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An acoustic cavity is positioned adjacent to the injector face to provide combustion 
stability. The integral cavity is machined into the coolant exit manifold structure. This cavity is 
connected to the combustion chamber cavity through a specified number and size of holes formed 
by pressing small tubes between the Haynes 230 tubes, locally deforming the tubes prior to 
brazing. Figure 4. 2. 2. 4-5 shows the acoustic liner hole pattern through the chamber liner. After 
brazing, the small tube ID forms the communicating cavity between the combustion chamber and 
the acoustic cavity. A liner is placed in the acoustic cavity to which a minimal amount of coolant 
flow is tapped off the chamber coolant exit and used to cool the backside of the acoustic cavity. 

This coolant is then dumped into the cavity to provide a purged outflow, preventing hot gas 
ingestion into the acoustic cavity. 



Figure 4.2.2A-5. STBE Unique Split Expander Main Combustion Chamber Acoustic Liner 
Hole Pattern Through the MCC Liner 


The thrust chamber design uses a brazed assembly of 720 double tapered, constant wall 
thickness Haynes 230 tubes. The chamber extends to a nozzle expansion area ratio of 2.41:1, has 
an injector diameter of 36.77 inches and a throat diameter of 26.00 inches, with a corresponding 
contraction ratio of 20:1. Acoustic apertures are located within the braze joints at the forward 
end of the chamber. A counterflow cooling system that uses 53 percent of the methane fuel flow 
is used to regeneratively cool the nozzle. The coolant tube dimensions are sized to meet the heat 
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transfer and cycle requirements at the 750K lbf sea level thrust at 896 psia chamber pressure 
design point and reflect the following design guidelines. 

• Maximum stress < 0.2 percent yield strength. 

• Ultimate tube temperature margin > 375 R. 

• Coolant Mach number < 0.5. 

• Cooling enhancement from tube curvature. 


Figure 4.2.2.4-6 summarizes the throat chamber contour and tube geometry. 


The methane coolant enters the tube assembly at 241 R and 5315 psia and exits at 626 R 
and 3975 psia The maximum predicted values of hot wall temperature and heat flux are 2170 R 
and 21 Btu/in. 2 -sec, respectively. The highest calculated coolant Mach number is 0.2. F.gure 
4.2.2.4-7 summarizes the predicted thermal performance characteristics for the thrust chamber. 


4.2.2.4 3 Torch Igniter 

A continuous burning torch igniter was chosen for use in the main combustion system 
because of the simplicity of the design and reliability in tests. The igniter configuration employed 
evolved from development efforts since 1957 at Pratt & Whitney and is based on experience 
gained from the successful RL10 and XLR-129 engine programs. 


In the main combustion chamber, the torch is mounted axially in the center of the injector, 
directing the torch down along the centerline of the combustion chamber. 

The construction of the torch assembly is discussed in Space Transportation Main Engine 
Configuration Study, P&W FR- 19830-1 Volume II, page 93. 

4.2.2.4.4 Regeneratively Cooled Nozzle 

The regeneratively cooled nozzle design uses a brazed assembly of 1170 single tapered, 
constant wall thickness Haynes 230 tubes, is 80-inches long and extends from an expansion area 
ratio of 2.41:1 to an exit area ratio of 13.5:1. Figure 4.2.2.4-8 shows the regeneratively cooled 
nozzle with its overall dimensions. A parallel flow cooling system using 53 percent of the 
methane fuel flow (309 lb/sec) is used. The methane is used to cool the thrust chamber prior to 
cooling the nozzle. The nozzle tube dimensions are sized to meet the heat transfer and cycle 
requirements at the 750K lbf sea level thrust at 896 psia chamber pressure design point. The tube 
geometry reflects the following design guidelines. 

• Maximum stress < 0.2 percent yield strength. 

• Ultimate tube temperature margin > 375R. 

• Coolant Mach number < 0.5. 


Figure 4.2.2.4-9 summarizes the nozzle contour and tube geometry. 


The methane coolant enters the nozzle tube assembly at 626 R and 3875 psia and exits at 
930 R and 3168 psia. The maximum predicted values of hot wall temperature and heat flux are 
1425 R and 9.2 Btu/in. 2 -sec, respectively. The highest calculated coolant Mach number is 0.21. 
Figure 4.2.2.4-10 summarizes the predicted thermal performance characteristics for the 
regeneratively cooled nozzle. 
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Throat 



5.40 


Coolant Performance 


Thrust * 120% 

Mood = 309 Ibm/sec 

Hot Wall Temperature and Heat Flux 

Thrust Chamber Heat Transfer Performance 


SL Thrust - Ibf 
Chamber Pressure - psia 
Propellant 
O/F Ratio 

Coolant Flow - Ibm/sec 
Inlet Temperature - R 
Exit Temperature - R 
Coolant Heat Pickup - Btu/sec 
Inlet Pressure - psia 
Exit Pressure - psia 
Pressure Drop - psid 


750K Ke y ; 

896 

lo*/ch 4 

3.50 

309 

241 

626 

97,829 

5,315 

3,975 

1,340 


Axial Location - in. 

Wall Temp - R 

Heat Flux - Btu/in. 2 - sec 


F0A 363349 


Figure 4.2.2.4-7. 


STBE Unique Split Expander Thrust Chamber Heat Transfer 
Performance Summary 


4. 2. 2.5 Controls 

. < a fftr the Unique Split Expander Cycle Engine is 

4 2. 2. 6 Engine Configuration and Integration 
4226 1 Unique STBE Split Expander Engine Assembly 

' The 

«*" * S ”" b ' y ““ "* 
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Figure 4.2.2 4-9. STBE Unique Split Expander Nozzle Cooling Design Configuration 
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4.2. 2.6.2 Split Expander GO, Heat Exchanger 

The GO, heat exchanger provides gaseous oxygen to the oxygen tank for tank pressuriza- 
tion The GO, heat exchanger uses oxidizer turbine exhaust duct flow as the heat source J o 
vaporize the liquid oxygen as shown in Figure 4.2.2.2-1. The heat exchanger consists of five 
Haynes 214 stainless steel tubes wrapped in parallel around the exhaust duct. Th e exhaust du 
waTis made of beryllium copper with trip-strip roughened walls to enhance the heat t a 
The tubes are packed in powdered copper to structurally isolate the tubes from ' th ^ 
while providing a good heat transfer medium. This design eliminates the possibility of accidental 
mixing of the oxygen and exhaust turbine flow, thereby eliminating a category 1 failure mode. 

The GO, heat exchanger requires five 3/8-inch diameter tubes 42.5-feet long wrapped 
around the 7-inch duct. The tubes have 0.015-inch thick walls and are separated from one 
another by 0.050-inch, requiring a total duct length of 3.90 feet. Figure 4.2.2.6-3 ^agramatically 
presents the GO, heat exchanger geometry. The GO, heat exchanger has been thanuO^ analyzed 
for the STBE 120 percent engine operating point with an oxygen flow rate 0 / • 

heat exchanger is designed to supply 400 R oxygen to the tank. Figure 4.2.2.6-3 also summarizes 

the predicted heat exchanger performance. 

4. 2.2. 6. 3 Engine Performance 

The STBE (SE) system performance was determined during the preliminary design using 
the accepted JANNAF methodology. Table 4.2.2.6-1 lists the detailed analysis .for rite ^design 
power level (DPL) of 750K lbf sea level thrust while the normal power level (NPL) of 625 K lbf 
sea level thrust is given in Table 4.2.2.6-2. , 

During this study program, detailed aerothermal analyses were made to predict component 
performance levels and these were incorporated into a steady state model of the complete engine. 
Simplified flow schematics are presented in Figures 4.2.2.6-4 and -5 wit ey opera i g 
parameters noted for each thrust level. Tables 4 2.2.6-3 and -4 ^ 

individual components and their operating environments for the STBE (SE) at MFL 
(100 percent) and at the design power level (120 percent) respective y. 

The STBE (SE) uses an external GO, heat exchanger to pressurize the LO, tanL This 
eliminates a category 1 failure mode. The heat exchanger uses the hot methane jacket exit flow to 
vaporize a small amount of LO, which is returned to the tank. The methane tank is pressurized 
with gaseous methane tapped off at the exit of the second turbine that drives the oxidizer main 

pump. 

4. 2. 2. 6. 4 Engine Costs 

This section summarizes cost estimates for the 750K SL thrust, 895 psia chamber pressure, 
Unique STBE Split Expander cycle. Table 4.2.2.6-5 summarizes significant costs for the engine. 

The DDT&E Cost includes all of the functions required to design develop test and 
evaluate the engine system. All of the DDT&E functions shown in the ALS engine WBS (see 
Volume III) have been included. Development Cost is based on a W- month phase c /^ r °g ra 
with 960 engine firings for the STME Unique Split Expander and 488 for the Unique STBE Split 
Expander. Sufficient accountable firings have been included in the program to demonstrate 0.99 
engine reliability with one failure. 


308 


STBE GO* Heat Exchanger 
Thermal and Flow Performance 


Pratt & Whitney 

FR-19691-4 
Volume II 



309 


R1MB1/44 



Pratt & Whitney 

FR-19691-4 
Volume II 


Table 4.2.2.6-1. Unique STBE Split Expander Performance - Design Power Level 


Design Power Level 


Pressure — psia 

895.3 

Mixture Ratio 

3.5 

Area Ratio 

13.5 

Ideal 1^ — sec 
A Igp ERE — sec 

342.2 

-6.87 

A KIN — sec 

-0.65 

A 1^ TDK — sec 

-4.15 

A 1^ BLM — sec 

-1.24 

Del. I 9p Vac — sec 
Flowrate — lb m/sec 

329.3 

2597.3 

Vacuum Thrust 

855390.0 

RI96B1M7 


Table 4. 2. 2. 6-2. Unique STBE Split- Expander Performance - Normal Power Level 


Normal Power Level 


Pressure — psia 

764.5 

Mixture Ratio 

3.5 

Area Ratio 

13.5 

Ideal 1^ — sec 

341.9 

A I*p ERE — sec 

-6.86 

A Q KIN — sec 

-0.74 

A I^ TDK — sec 

-4.11 

A I,p BLM — sec 

-1.28 

Del. I, p Vac — sec 

328.9 

Flowrate — lbm/sec 

2220.8 

Vacuum Thrust 

730389.0 

p ia<ni fxi 


The engine Theoretical First Unit (TFU) production cost includes all the recurring 
operational production cost elements specified in the ALS engine WBS. It includes manufactur- 
ing and acceptance of the Integrated Engine System, System Engineering and Integration, 
Program Management, Facilities Maintenance and Tooling Maintenance. The TFU estimate is 
based on a lot size of 100 and a 90-percent learning curve. 


The Operations Cost per launch per engine includes all costs associated with the 
operational flight program as described in the ALS engine WBS. It includes Program 
Management, System Engineering and Integration, Facilities Maintenance, Operation and 
Support, and Training. The Operations Cost is based on a flight rate of 10 missions per year and 
it is the estimated cost that will be achieved after 100 total missions have been flown. 


4.3 UNIQUE TAP-OFF CYCLE ENGINE 


4.3.1 Engine Cycle 

The candidate STBE configuration studied during the Phase A contract is a tap-off cycle 
with liquid oxygen and liquid methane as propellants. This engine operates at a main chamber 
pressure of 2400 psia at the rated power level (RPL) of 750,000 pounds thrust. The engine has a 
fixed nozzle with an area ratio of 35:1 and delivers 305 seconds of sea level specific impulse at 
RPL. Table 4.3. 1-1 presents selected engine characteristics at the rated power level. 
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Figure 4. 2. 2. 6-5. STBE Unique Split Expander Cycle Engine Operating Characteristics at Normal Power Level 
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Table 4.2. 2. 6-3. Unique STBE Split Expander Engine Performance — Normal Power 

Level 


INLINE PLkfCf.MAUCE IV. K AMI. I! RS 

* « X .« X * X * * * X X X 


CHAMBFR PRESSURE 

7 6 A . 5 

VAC ENGINE THRUST 

730389. 

SI . ENGINE 1 MRUS T 

625000 . 

TOIAL ENGINE FLOW RATE 

2220.8 

DEL. VAC. ISP 

328.9 

THROAT AREA 

531 . 1 

NOZZLE AREA RATIO 

13.5 

nn/7l F FYTT MAMITCP 

«; 

NOZZLE LENGTH 

99.91 

ENGINE MIXTURE RATIO 

3.50 

CHAMBER COOLANT DP 

199 0. 

CHAMBER COOLANT DT 

687 . 

ETA CX 

0 . 980 

NOZZLE/CHAMBER Q 

159999. 


ENGINE STATION CONDITIONS 
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 


X FUEL SYSTEM CONDITIONS * 


STATION 

PRESS 

TEMP 

FLOW 

ENTHALPY 

DENSITY 

PUMP INLET 

97 . 0 

201 .0 

995.2 

123.1 

26.90 

1ST STAGE EXIT 

1098.6 

206.7 

995.2 

132.9 

26.52 

JBV INLET 

1075.6 

206.8 

219.9 

132.9 

26.51 

JBV EXIT 

963. 0 

207.9 

219.9 

132.9 

26.99 

PUMP EXIT 

9072.1 

233.7 

275.3 

167.9 

26.92 

NSOV INLET 

9072.1 

233.7 

275.3 

167.9 

26.92 

MSOV EXIT 

3980 . 5 

239.2 

275.3 

167.9 

26 . 37 

COOLANT INLET 

3999.8 

239.9 

275.3 

167.9 

26 . 35 

COOLANT EXIT 

2509.9 

920.2 

275.3 

730.3 

3.98 

TBV INLET 

2980.7 

920 . 0 

39.9 

730.3 

3.99 

TBV EXIT 

963.0 

905.9 

39.9 

730.3 

1 . 59 

CH9 TRB INLET 

2980.7 

920.0 

290.9 

730.3 

3.99 

CH9 TRB EXIT 

1303.3 

826.6 

290.9 

671.0 

2.37 

CH9 TRB DIFFUSER 

1290.2 

826 .9 

290.9 

671.0 

2.35 

L OX TRB INLET 

1267.8 

826 . 0 

290.9 

671.0 

2.31 

.OX TRB EXIT 

935.9 

789.7 

290.9 

699.1 

1.89 

' OX TRB DIFFUSER 

972.7 

789.9 

290.9 . 

699.1 

1.86 

CH9 TANK OUT 

963.0 

789.3 

1.7 

699.1 

I .85 

CH9 TANK IN 

97.0 

770.8 

1.7 

699.1 

0 . 09 

GOX HEAT EXCH 

963.0 

789.7 

238.7 

699.1 

1.89 

MIXER 

963.0 

995.8 

993.5 

922.2 

9.18 

FSOV INLET 

885.3 

990.9 

993.5 

922.2 

3.86 

FSOV EXIT 

890.5 

937.0 

993.5 

922.2 

3.67 

CHAMBER INJ 

832.0 

936.9 

993.5 

922.2 

3.63 

CHAMBER 

769.5 






X OXYGEN SYSTEM 

CONDITIONS 

X 


STATION 

PRESS 

TEMP 

FLOW 

ENTHALPY 

DENSITY 

PUMP INLET 

97.0 

169.0 

1735.9 

61.6 

71 . 17 

PUMP EXIT 

978.0 

167.8 

1735.9 

69.6 

71.39 

02 TANK OUT 

968.2 

167.8 

8.7 

69.6 

71 . 37 

02 TANK IN 

97.0 

900 . 0 

8.7 

209.3 

0.36 

OCV INLET 

959.2 

167.8 

1727.3 

69.6 

7 1.36 

OCV EXIT 

819.0 

168.3 

1727.3 

69.6 

71.13 

CHAMBER INJ 

806 .8 

168.9 

1727.3 

69.6 

71.12 

CHAMBER 

769.5 







x VALVE DATA x 



VALVE 

DELTA P 

AREA 

FLOW 

X BYPASS 


JBV 

113. 

6 . 02 

219 .88 

99.90 


TBV 

1310 . 

1 . 11 

3C .U 

12 . 6S 


NSOV 

92. 

8 . 37 

275.33 



FSOV 

95. 

56 . 18 

993.50 



OCV 

195. 

25.38 

1727.26 




X 

INJECTOR 

DATA x 



INJECTOR 

DELTA P 

AREA 

FL OW 

VELOCITY 


FUEL 

68 . 

97.15 

993.50 

915.21 


L OX 

92. 

97 .07 

1727.26 

79 . 30 
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Table 4.2.2.6-3. Unique STBE Split Expander Engine Performance — Normal Power 

Level (Continued) 


XXXXXXXXXXKXXXXXXXXXXXXXXXKXXXXXXXX 

x TURBOMACHINERY PERFORMANCE DATA X 
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 


xxxxxxxxxxxxxxx 



xxxxxxxxxxxx 


x CH4 TURBINE x 



x CH4 PUMP X 


xxxxxxxxxxxxxxx 



xxxxxxxxxxxx 





STAGE ONE 

STAGE TWO 




xxxxxxxxx 

xxxxxxxxx 

EFFICIENCY (T/T) 

0.867 

EFFICIENCY 

0.787 

0.594 

EFFICIENCY (T/S) 

0 . 843 

HORSEPOWER 

6538. 

13638. 

SPEED (RPM) 

9689. 

SPEED (RPM) 

9689. 

9689. 

MEAN DIA. (IN) 

20.20 

S SPEED 

1351. 

461. 

EFF AREA (IN2) 

7.67 

HEAD (FT) 

5708. 

16231 . 

U/C (IDEAL) 

0.462 

DIA. (IN) 

14.29 

21.60 

MEAN TIP SPEED 

855. 

TIP SPEED 

605. 

914. 

STAGES 

1 . 

VOL. FLOW 

8380. 

4678. 

GAMMA 

1.28 

HEAD COEF 

0.504 

0.624 

PRESS RATIO (T/T) 

1.90 

FLOW COEF 

0.158 

0.093 

PRESS RATIO (T/S) 

1.94 




HORSEPOWER 

20176. 




EXIT MACH NUMBER 

0.18 




XXXXXXXXXXXXXX 



xxxxxxxxxxx 


X 02 TURBINE * 



X 02 PUMP X 


xxxxxxxxxxxxxx 



xxxxxxxxxxx 



EFFICIENCY (T/T ) 0.875 
EFFICIENCY (T/S) 0.795 
SPEED (RPM) 4054. 
MEAN DIA CIN) 23.35 
EFF AREA (IN2) 16.40 
U/C (IDEAL) 0.369 
MEAN TIP SPEED 413. 
STAGES 1 . 
GAMMA 1.28 
PRESS RATIO (T/T) 1.29 
PRESS RATIO (T/S) 1.32 
HORSEPOWER 7460. 
EXIT MACH NUMBER 0.20 


EFFICIENCY 

0.795 

HORSEPOWER 

7460. 

SPEED (RPM) 

4054. 

S SPEED 

1484. 

HEAD (FT) 

1880. 

DIA. (IN) 

19.94 

TIP SPEED 

353. 

VOL. FLOW 

10915. 

HEAD COEF 

0.486 

FLOW COEF 

0.170 
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Table 4. 2.2. 6-4. Unique STBE Split Expander Engine Performance 

Level 


Design Power 


x 


lngine performance parameters 

x**x*xxx*xxx*xxxxxx xxxx*x*xxxx*xxxx* 


CHAMBER PRESSURE 
VAC ENGINE THRUST 
S . L . ENGINE THRUST 
TOTAL ENGINE FLOW RATE 
DEL . VAC. ISP 
THROAT AREA 
NOZZLE AREA RATIO 
NOZZLE EXIT DIAMETER 
NOZZLE LENGTH 
ENGINE MIXTURE RATIO 
CHAMBER COOLANT DP 
CHAMBER COOLANT DT 
ETA Cx 

NOZZLE/CHAMBER Q 


895.3 
855390. 
750000. 

2597.3 

329.3 
531 .1 

13.5 

95.5 
94.91 

3.50 

2232. 

7 38. 
0.980 
178376. 


STATION 
PUMP INLET 
1ST STAGE EXIT 
JBV INLET 
JBV EXIT 
PUMP EXIT 
NSOV INLET 
NSOV EXIT 
COOLANT INLET 
COOLANT EXIT 
TBV INLET 
TBV EXIT 
CH4 TRB INLET 
CH4 TRB EXIT 
CH4 TRB DIFFUSER 
L OX TRB INLET 
LOX TRB EXIT 
L OX TRB DIFFUSER 
CH4 TANK OUT 
CH4 TANK IN 
GOX HEAT EXCH 
MIXER 

CHAMBER INJ 
CHAMBER 


ENGINE STATION CONDITIONS 
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 


x FUEL SYSTEM CONDITIONS X 


PRESS 

TEMP 

47.0 

201.0 

1492.5 

208.9 

1455.8 

209.1 

978.0 

211.8 

5577.9 

247.3 

5577.9 

247.3 

5506.4 

247.7 

5469.6 

247.9 

3237 .8 

985.6 

3208.3 

985.5 

978.0 

970.7 

3208.3 

985.5 

1522.8 

873.4 

1504.5 

873.3 

1472.9 

873.0 

1008.0 

817.7 

987.9 

817.3 

978.0 

817.2 

47.0 

800.3 

978.0 

817.7 

978 . 0 

432.3 

968.7 

431 .6 

895.3 



FLOW 

ENTHALPY 

579.1 

123.1 

579 . 1 

136.0 

277.9 

136.0 

277.9 

136.0 

301 .2 

184.9 

301.2 

184.9 

301.2 

184.9 

301 .2 

184.9 

301.2 

777.0 

2.8 

777.0 

2.8 

777.0 

298.5 

777.0 

298.5 

7 02.6 

298.5 

702.6 

298 . 5 

702.6 

298.5 

668.0 

298.5 

668.0 

1.9 

668.0 

1.9 

668.0 

296.5 

668.0 

577.2 

410.0 

577.2 

410.0 


STATION 
PUMP INLET 
PUMP EXIT 
02 TANK OUT 
02 TANK IN 
OCV INLET 
OCV EXIT 
CHAMBER INJ 
CHAMBER 


x OXYGEN SYSTEM 


PRESS 

TEMP 

47.0 

164.0 

1582.5 

170.6 

1566.6 

170.7 

47.0 

400 . 0 

1554.3 

170.7 

96 3.7 

172.9 

953.9 

172.9 

895.3 



CONDITIONS X 

FLOW ENTHALPY 
2030.3 61.6 

2030.3 66.7 

10.2 66.7 

10.2 204.4 

2020.1 66.7 

2020.1 66.7 

2020.1 66.7 


VALVE 

JBV 

TBV 

NSOV 

OCV 


INJECTOR 

FUEL 

LOX 


x VALVE DATA X 


DELTA P 
478. 
2230. 
71 . 
591 . 

AREA 
3.69 
0 . 07 

14.72 

FLOW 
277.85 
2.77 
301 .25 
2020 . 09 

X BYPASS 
47.98 
0.92 

X 

INJECTOR 

DATA X 


DELTA P 
73. 
59. 

AREA 
47.15 
47 . 07 

FLOW 
577.17 
2020 . 09 

VELOCITY 

385.56 

87.81 


DENSITY 
26.40 
26 . 56 
26.54 
26.24 
26.40 
26.40 
26.36 
26.34 
4.63 
4.59 
1.48 

4.59 

2.60 

2.57 
2.52 
1 .86 
1.82 
1 .80 
0.09 
1 .86 
4.61 

4.57 


DENSITY 
7 0.98 

71.39 
71 .37 

0.36 

71.35 

70.39 
70.38 
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Table 4. 2. 2.6-4. 


Unique STBE Split Expander Engine Performance - Design Power 
Level (Continued) 


PRATT & WHITNEY 

o-rne I rw/ru6 SPI TT EXPANDER ENGINE 


X X XX XXX XXXXXXXXX XXXXXXXXXXX XXXXX XXX 

x* TURBOMACHINERY PERFORMANCE DATA * 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 


xxxxxxxxxxxxxxx 
X CH4 TURBINE * 
xxxxxxxxxxxxxxx 


EFFICIENCY 
EFFICIENCY 
SPEED 
MEAN DIA. 
EFF AREA 
U/C 


(T/T) 
(T/S) 
(RPM) 
(IN) 
( IN2) 
(IDEAL) 


MEAN TIP SPEED 


STAGES 

GAMMA 

PRESS RATIO (T/T) 
PRESS RATIO (T/S) 


HORSEPOWER 
EXIT MACH NUMBER 


0.883 
0.857 
11409 . 
20.20 
7.67 
0 . 489 
1006. 
1 . 

1.26 

2.11 

2.16 

31443. 

0.20 


xxxxxxxxxxxxxx 
X 02 TURBINE * 
xxxxxxxxxxxxxx 


EFFICIENCY (T/T) 
EFFICIENCY (T/S) 
SPEED (RPM) 

MEAN DIA (IN) 

EFF AREA (IN2) 
U/C (IDEAL) 

MEAN TIP SPEED 
STAGES 

GAMMA , 

PRESS RATIO (T/T) 
PRESS RATIO (T/S) 
HORSEPOWER 
EXIT MACH NUMBER 


0.877 

0.796 

5134. 

23.35 

16.40 

0.372 

523. 

1. 

1.26 

1.46 

1.52 

14615. 

0.26 


xxxxxxxxxxxx 
x CH4 PUMP * 
xxxxxxxxxxxx 


STAGE ONE 
xxxxxxxxx 


STAGE TWO 
xxxxxxxxx 


EFFICIENCY 
HORSEPOWER 
SPEED (RPM) 
S SPEED 
HEAD (FT) 
DIA. (IN) 
TIP SPEED 
VOL. FLOW 
HEAD COEF 
FLOW COEF 


0.780 
10588 . 
11409 . 
1355. 
7834 . 
14.29 
712. 
9785. 
0.499 
0.157 


0.584 

20856. 

11409. 

447 . 
22329. 
21.60 
1076. 
5121 . 
0.618 
0.087 


xxxxxxxxxxx 
x 02 PUMP * 
xxxxxxxxxxx 


EFFICIENCY 
HORSEPOWER 
SPEED (RPM) 
S SPEED 
HEAD (FT) 

DIA. (IN) 

TIP SPEED 
VOL. FLOW 
HEAD COEF 
FLOW COEF 


0.783 

14615. 

5134. 

1396. 

3102. 

19.94 

447. 

12765. 

0.500 

0.157 
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Table 4.2.2. 6-5. Unique STBE Gas Generator Costs 


Total Development Cost (DDT&E), M$1010* 

Production Cost (TFU), M$8.6 
Operations Cost/Launch/Engine, M$0.128“ 

Constant FY87$ 

‘Applies to developing a stand-alone booster 
engine configuration. 

“Based on the 100th mission, 10 missions per 
year, and seven boosters per vehicle. 

R19691/47 

Table 4.3. 1-1. STBE Tap-Off Engine Characteristics — Rated Power Level 


Performance 

Tap-Off 

Thrust - lb 

750,000 

Chamber Pressure - psia 

2400 

Mixture Ratio 

3.0 

Specific Impulse (Vac) - 3ec 

342 

Area Ratio 

35 

R19691/47 


4.3.1. 1 Flow Path Description 

A simplified flow schematic for the STBE tap-off engine is presented in Figure 4.3. 1-1 
showing the major flow paths and components. 

Liquid oxygen enters the engine at a net positive suction head (NPSH) level, supplied by 
the vehicle, sufficient for the high-speed high-pressure oxidizer pump. Liquid methane enters the 
engine at a NPSH level, again supplied by the vehicle, sufficient for the high-speed high-pressure 
methane pump, thus boost pumps are not required for this system. 

At the rated power level, the methane pump operates at 16,295 rpm to provide the methane 
pressure level of 4368 psia required by the cycle. From the pump exit, the methane flows through 
the fuel shutoff valve where 85.7 percent of it flows to the inlet of the nozzle coolant passages. 
This methane regeneratively cools the tubular, stainless steel nozzle and milled channel, copper 
alloy main chamber. From here, the methane flows directly to the injector face. The remaining 
12.5 percent of the methane flows through the fuel bypass valve and into the hot gas mixer. 

The high-pressure oxidizer pump operates at 6,844 rpm to provide the oxygen pressure level 
of 3144 psia required by the cycle at the rated power level. From the pump exit, the oxygen flows 
through the main oxidizer control valve and is injected into the main chamber. 

The tap-off provides 1.9 percent of the O/F biased chamber flow to the mixer inlet where 
cold methane mixes with the hot gases to provide 2293 psia, 1800 R gas to drive the high pressure 
propellant pumps. This mixed gas then flows through the hot gas valve to the inlet of the 
methane turbine. The hot gas is initially expanded through the methane turbine and is 
subsequently routed to a second turbine which powers the oxygen pump. The turbine exhaust gas 
is then expanded through an area ratio of 5:1 to atmospheric pressure providing additional thrust 
to the overall engine output. 
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4.3. 1.2 Engine Operation 

enhL^ bv thTm i h k‘ S C ° n T <m mediately upon injection. Reliability of ignkion is 

— - -s it e is ts 


the „ * 

t“ d H r™ miz r mi ° “ - " 

FBV. All vajves are operated by' hycLrlic actuatS temperature ia set using the 

comufaX? SS tTo“. d pot; SSS °,o t, S “t “ f 

=thSerrzs.r^ v — 

turbopumps, then the MOV closes, followed by shutting off the' Tn^ne £Z. ““ 

resultS^SatSdS^^^ 

4.3.1. 3 Combustor 


4.3.1. 3.1 


Thrust Chamber and Nozzle Cooling 


confined ^ 'ZdTrth^d^’CSiri'ato p h rX^^Tnf n0Z 1 e “V Cycle h .“ b "” 

^fth^feb, “I ™ 11 ?’ ™ ‘ h ‘ ^Srcon^o^Tattotm” 

Haynea 230 tubes. The required tap off flowTftdedf” 8 fh S, " 8le t * per ' “ nst,nt wal1 thickness 
fonemd portion of ,h. ££2££ $E ^rt^ oTf b “TTr ” hicha ” ro '“* ‘»e 

«“^r; b h: the r 8ever f“ J 

m the injector is adjusted to provide an overall O/F of 3.5. 


319 


R19N1/44 



Pratt & Whitney 

FR-19691-4 

Volume II 


A counterflow cooling system the. flo« .11 of the "d 

end thrust chamber. The coolant * “ “ chamber/acoustic liner assembly and 

passages of the | thrust ; cham er^flows 1^^ Mansion, are sized to meet the heat 

transferr^lereqtdrements at the 750K Ibf sea level thrust at 2400 psi. chamber pressure destgn 
point and reflect the following design guidelines: 


• Thrust chamber liner wall thickness > 0.030 inch. 
. Machined passage aspect ratio < 5.0. 

. Machined passage land width > 0.050 inch. 

. Cooling enhancement from passage curvature. 

. Coolant Mach number < 0.5. 

. Tube wall thickness > 0.013 inch. 

. Tubular stress < 0.2 percent yield stress. 

. Ultimate tube temperature margin > 375 R. 


Tha methane enters the coolant system at 239 R of 

450 R and 2607 psia. Table 4.3.1-2 summarizes t « ofKK)Ullt tubes trom 540 to 810 to 

the cooling system. Recent analysis as mere j associated with this increase in tube 

improve structure, % “^‘performance cycle. 


nil mhftr is 


Table 4.3. 1-2. STBE Tap-Off Gas Generator Cycle Performance 


Fuel 

Overall O/F Ratio 
Sea Level Thrust (lbf) 
Chamber Pressure (p9ia) 
Throat Area (in. 2 ) 

Injector Flow Rate (Ibm/sec) 
Throat Flow Rate (lbm/sec) 
Tap-Off Flow Rate (lbm/sec) 
Coolant Flow Rate (lbm/sec) 
Exit Area Ratio 


CH 4 

3.50 

750,000 

2,400 

178.9 

2,462 

2,329 

132 

528 

35 


Coolant Flow Rate (lbm/sec) 
Inlet Pressure (psia) 

Pressure Drop (psid) 

Exit Pressure (psia) 


528 

5,055 

2,448 

2,607 


Inlet Temperature (deg R) 
Temperature Rise (deg R) 
Exit Temperature (deg R) 


239 

211 

450 


Tn^l Heat Pickup (Btu/sec)^ 


97,342 

R19691/47 


4.3.1 A Engine Costs 

Thia section summarizes cost estimates for the 7S0K SL thnmt , 2400 psm c^ber 
presJm T^p -Off STBE Cycle. Table 4.3.1-3 summarize stgmflcant costs for the engme. 
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Table 4.3. 1-3. Tap-Off Cycle Engine Costs 


Total Development Coat (DDT&E), M$1400* 

Production Cost (TFU), 

Operations Cost/Launch/Engine, M$0.155** 

Constant FY87$ 

* Applies to developing a stand-alone booster 
engine configuration. 

**Based on the 100th mission, 10 missions per 
year, and seven boosters per vehicle. 

— — R 1969 1/47 

The DDT&E Cost includes all of the functions required to design, develop, test and 
evaluate the engine system. All of the DDT&E functions shown in the ALS engine WBS (see 
Volume III) have been included. Development Cost is based on a 90-month phase C/D program 
with 960 engine firings for the tap-off STBE. Sufficient accountable firings have been included in 
the program to demonstrate 0.99 engine reliability with one failure. 

The engine Theoretical First Unit (TFU) production cost includes all the recurring 
operational production cost elements specified in the ALS engine WBS. It includes manufactur- 
ing and acceptance of the Integrated Engine System, System Engineering and Integration, 
Program Management, Facilities Maintenance and Tooling Maintenance. The TFU estimate is 
based on a lot size of 100 and a 90-percent learning curve. 

The Operations Cost per launch per engine includes all costs associated with the 
operational flight program as described in the ALS engine WBS. It includes Program 
Management, System Engineering and Integration, Facilities Maintenance, Operation and 
Support, and Training. The Operations Cost is based on a flight rate of 10 missions per year and 
it is the estimated cost that will be achieved after 100 total missions have been flown. 

4.3.2 Engine Performance 

The STBE tap-off system performance was determined during the preliminary design using 
the accepted JANNAF methodology. Rigorous procedures have been established for use in 
calculating chamber/nozzle thrust and specific impulse. The steady-state design point computer 
simulation provided an initial match of components and definitions of mixture ratio, mass flow, 
temperature and pressure levels for the detailed performance calculations using the JANNAF 
methodology. Figure 4.3.2- 1 shows a flow schematic of the JANNAF performance prediction 
procedure followed during this Task. Performance was estimated for both the main chamber flow 
and the Tap-Off, which is dumped overboard during engine operation. Table 4.3.2-1 lists the 
detailed performance estimates at the rated power level (RPL) thrust of 750,000 pounds. Overall 
engine performance was calculated by mass weighing the main chamber flow performance with 
the Tap-Off flow performance 

During this study, detailed aerothermal analyses were made to predict component 
performance levels and these were incorporated into a steady-state computer model of the 
complete engine. A simplified flow schematic is presented in Figure 4.3. 1-1 with key operating 
parameters noted. Table 4.3. 2-2 defines performance of the individual components and their 
operating environment for the STBE Tap-Off at RPL. 
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Injector and Chamber 
Physical Characteristics 



• Designates JANNAF Computer Programs 

(1) Engine Steady-State Computer Program 

(2) Predicted Using Techniques and Programs Developed 

During Previous Rocket Engine Programs 

(3) Program Developed at P&W for Bell Nozzle Design 

Uses Method of Characteristics Calculations 


FO 329889 


Figure 4.3.2-1. Performance Prediction Procedure 
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Table 4. 3.2-1. STBE Tap-Off Gas Generator Cycle Performance 


Fuel 

CH 4 

Overall O/F Ratio 

3.50 

Sea Level Thrust-lbf 

750,000 

Chamber Pressure -psi a 

2,400 

Throat Area-in. 2 

178.9 

Injector Flow Rate- lb m/sec 

2,462 

Throat Flow Rate- lb m /sec 

2,329 

Tap-Off Flow Rate-lbm/sec 

132 

Coolant Flow Rate-lbm/sec 

528 

Exit Area Ratio 

35 

Coolant Flow Rate-lbm/sec 

528 

Inlet Presaure-psia 

5,055 

Pressure Drop-psid 

2,448 

Exit Pressure-psia 

2,607 

Inlet Temperature- R 

239 

Temperature Rise-R 

211 

Exit Temperature- R 

450 

Total Heat Pickup-Btu/sec 

97,342 

R19691/47 
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SECTION 5.0 

STBE PROGRAMMATIC ANALYSES AND PLANS 


Introduction 


This section describes the work conducted under Task V (SOW Task 5.5). It describes the 
development plan for the Derivative STBE Gas Generator Engine following the ground rules 
established by NASA in late 1988 and as summarized in a NASA DDT&E ground rule document 
dated 20 December 1988. The basic requirement is for a 90-month DDT&E program through 
Final Flight Certification for an STME engine and an STBE engine derived from the STME. 

t n /7u 6 obj ® ctlve of the STME DDT&E program is to develop a 580,000-pound vacuum thrust 
r rwr- 2 rocket engine t0 be used on the core vehicle. The derivative STBE engine is to be a 
L0 2 /CH 4 rocket engine which uses as much hardware common to the STME engine as possible 
The resulting derivative STBE has a vacuum thrust of 706.5K pounds and sea level thrust of 
500K pounds. Seven derivative STBE engines are to be used on the booster and three engines on 
the core vehicle (for the purposes of the development plan). 

Milestone Dates 


L mdestone dates ^ specified by NASA and shown in Table 5.0-1 were used to develop 

the DDT&E plan. F 


Table 5.0-1. STME DDT&E Milestone Dates 


Date 

Milestone 

Jan. 1989 

Start Advanced Development Program for gas generator, thrust chamber, 
turbopumps and engine controls. 

June 1989 

Start STME Phase B 

Oct. 1991 

Start Full-Scale Development 

Oct. 1993 

Component and Subsystem Development Test Facility (CSDTF) 
available 

June 1994 

First LOj/LHj engine stand available — 2 positions 

Sept. 1994 

First L02/CH 4 engine stand available — 2 positions 

Oct. 1994 

Two additional test stands available — 2 positions 

Aug. 1995 

Critical Design Review 

Sept. 1996 

MPTA stand available (cluster test) 

July 1997 

Complete Preliminary Flight Certification, deliver first flight engine set 
with three spare engines 

Jan. 1998 

Deliver second flight engine set with three spare engines 

Apr. 1998 

First flight 

Oct. 1998 

Second flight 

Mar. 1999 

Complete Final Flight Certification Tests 
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DDT&E Ground Rules 

A series of ground rules ss specified by NASA, end additional P&W ground rides were used 
to establish the development plan. These ground rules are shown in Table 5.0-2. 

Included in the following sections are: the logic network; the schedules; the test facility 
requirements; and the Environmental Analysis (DR-10). The Work Breakdown Structure 
(WBS) and program cost estimates are contained in Volume III of this report. 

5.1 LOGIC NETWORK 

The logic network shown in Figure 5.1-1 is distributed in tune phases ste ^ n S 
Phase A. Technology and Concept Development, and extending through Production. The items 
addressed to the appropriate depth for each phase are: 


• Chamber/injector demonstration 

• Engine design, testing, and production 

• Facilities, tooling, and special test equipment 

• Launch and flight support. 

The Phase A items are described throughout this report and each item is addressed in some 
detail Phase A should lead into a Phase A' where more detail will be put into the engine design 
and analysis. The greater level of detail in Phase A' will allow the various plans to be formulated, 
along with the very critical safety analyses. 

One of the items in Phase B is a demonstration of the combustion efficiency, combustion 
stability, and heat transfer in tests of a full-scale chamber and injector. 

An engine Preliminary Design Review (PDR) will be conducted in Phase B. This design 
review will be made as a result of the design and analysis that supports engineering layout 
drawings of the selected concept. At this point, the definition of the engine is ^ffic.ent y 
complete to allow all of the items that were previously labeled preliminary to befmahzed 
will also allow the creation of the Design Verification and Substantiation (DVS) ^rements 
for the engine components. The chamber and injector DVS requirements can be used to 
formulate the test plan for the demonstration chamber and injector. 

Completion of the engine layout drawings for PDR allows the planning for the support 
items to be done. This includes the ground support equipment, tooling, operation, and 

maintenance planning. 

At this point, enough definition of the program has been generated to allow the preparation 
of a comprehensive Phase C/D proposal. 

As the program progresses into Phase C/D, the layout drawings can be turned into detail 
fabrication drawings. The drawings will be used to fabricate the components and to conduct a 
comprehensive Critical Design Review (CDR). During fabrication and at fabrication completion, 
the various component parts and assemblies will be subjected to the DVS tests per the DVSplans 
that were created during Phase B. The same applies to parts necessary for the engine assembly 

level, such as flow ducting. 


328 


R\9m\/u 


Pratt & Whitney 

FR-19691-4 
Volume II 


Table 5.0-2. STME/ Derivative STBE Development Ground Rules 

NASA Groundrules 

1. 90- month program through FFC 

2. Flight Qualified Engine Life — 15 missions 

3. STME engine is to be used for core. Derivative STBE is to be used for the booster stage. 

4. 0.99 minimum demonstrated reliability at 90 percent confidence prior to first flight for both engines. 

5. Component and engine test conducted by P&W at government owned and operated test facilities at Stennis 

Space Center. The government will maintain the test facilities down to the interface connections with the 
test article. t 

6. The government is to supply the propellants and pressurants at no charge to the contractor. 

7. 960 total engine firings through flight testing and final flight certification — applies to the STME. (P&W 

has established derivative STBE requirement at 488 total engine firings). 

8. Two flight tests of booster and core vehicle from ESMC 

9. Booster engines are recovered and refurbished following flight test. Core engines are expended. 

10. Flight and MPTA engine spares — one spare engine for every three delivered engines. 

Additional P&W Ground Rules 

1. 488 Derivative STBE engine firings selected for development requirement and to meet reliability requirement 

of 0.99 at 90 percent confidence on the derivative STBE. 

2. STME design, fabrication and testing lead the derivative STBE. 

3. Design verification tests on the same or similar STME/Derivative STBE component will be conducted with 

the higher load set. 

4. Conduct verification test with CH 4 on common parts. 

5. Hardware design life: 120 firings 

Maximum firing on development hardware: 60 firings. 

Maximum tests between overhauls: 30 Firings. 

6. Rig mount time (GG and pumpa) 

with minimal instrumentation: 1 week * 

with extensive instrumentation: 2 weeks * 

Rig dismount time: 1 week 

* Add one week for main combustion chamber rig. 

7. Engine mount time: 

with minimal instrumentation: 1 week 

with extensive instrumentation: 2 weeks 

Engine dismount time: 1 week 

~R19«n/46 
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As component fabrication is completed, component testing will be conducted. Information 
obtained during the component tests will allow design revisions necessary to optimize the 
hardware design. This provides a feedback loop into the DVS planning activity. 

As a result and as a part of the detail design effort, the 1/5-scale mockup can be replaced 
with a full-scale mockup. This mockup greatly facilitates the design of the external flow ducting 
and allows a demonstration of engine maintenance and operation. The mockup and demonstra- 
tions done with the engine will allow the creation of manuals and training material. 


The ground test hardware, tooling, and special test equipment necessary for engine testing 
and STBE operation will be fabricated during this phase. 

Early in Phase C/D, the engine contractor must participate in the engine test facilities 
requirements and follow the test stand fabrication. When the initial tests of the component 
hardware are completed, the components can be assembled together to conduct engine 
development tests. Component tests will continue in parallel to accumulate confidence that test 
time-related malfunctions have been found and corrected. 

As engine test time is accumulated and design iterations diminish, the design can be frozen 
and hardware for engine qualification and flight test can be fabricated. 

One of the major elements during Phase C/D will be a firing of a cluster of engines with a 
stackup of vehicle tankage, etc. 


The program then progresses into engine production and engine operation activities. 

5.2 PROJECT SCHEDULES 
5.2.1 Major Rig and Engine Tests 

The Development Tests scheduled for the DDT&E Program are structured to evaluate and 
demonstrate all of the functional, durability and performance requirements of the engine. 
Initially, the component rigs (gas generator, main chamber assembly, LH 2 turbopump and L0 2 
turbopump) lead the engine test to ensure that the component has sufficient performance, 
function and durability to qualify the component for integration into the engine. The rigs will 
also be used to evaluate part redesigns prior to introduction into a development engine. The rigs 
will be used in the development program up to the time that engine firings commence for the 
preliminary flight certification of the engine. At this time sufficient confidence should be 
demonstrated that the engine is safe to operate and any additional part changes can be evaluated 
in the engines. Table 5.2-1 shows the number of tests scheduled for the rigs for both the STME 
and derivative STBE engines. The number of component and engine tests for the derivative 
STBE are less than for the STME due to commonality of the majority of the hardware and also 
since the STME development program will lead the derivative STBE program. The commonality 
aspects of the derivative STBE are described in paragraph 4.1.1. 

It should be noted that the number of rig tests on the derivative STBE L0 2 pump is limited 
by test facility capacity to 120 test runs. It is desirable to conduct 300 test runs of this pump since 
it has little commonality to the STME L0 2 pump and 300 runs are preferred when developing a 
new turbopump. In contrast, the derivative STBE fuel pump and gas generator are similar to the 
STME and they require fewer component tests than the similar STME component since the 
STME component will lead the development program. 
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Table 5.2-1. Rig Development Tests 
(L0 2 /LH 2 STME Engine ) 


Total 

Run Time 

Total Test 

Rig 

Tests 

Per Test 

Time 

TCA 

150 

7.5 sec 

1,125 sec 

GG 

50 

25 

26,250 


100 

250 


L0 2 Pump 

70 

25 

59,250 


230 

250 


LH 2 Pu^P 

70 

25 

59,250 


230 

250 



(uycH, 

j Derivative STBE Engine) 


TCA 

150 

7.5 sec 

1,125 sec 

GG 

60 

250 

15,000 

L0 2 Pump* 

20 

25 

25,500 


100 

250 


LH 2 Pump 

20 

25 

25,500 


100 

250 


* Note: Testa limited by facilities capability. 
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Several categories of test series are planned for the development of the STME and 
derivative STBE engine. The first engine test will follow the first rig test by eight months. The 
major test categories and test objectives are listed below. 


Major Test Series 
• Functional Checkout 


• Interface 


• Environmental/Structural 


Test Objectives 


Leakage Tests 
Gimballing Capability 
Controller Checkout 
Health Monitor Checkout 

Gimbal Rate 
Tank Pressurization 
Propellant Inlet 
Purge 

Acoustic Signature 
Engine Vibration 
Acoustic Loads 

Starting, Operating and Shutdown Loads 
Thermal Conditioning 
Component Stress and Vibration 
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• Operational Demonstration 

Prestart Conditioning 
Ignition 

Start/Shutdown Rates, Impulse 
Throttle Command Response 
Combustion Stability 
Engine Pressure, Temperature, Flow 
Rates 

Engine Redline Limits 
POGO 

• Performance Demonstration 

Engine Calibration 
Thrust Level 
Specific Impulse 
Mixture Ratio Tolerance 
Performance Repeatability 

• Development Testing 

General development tests conducted on 
pre-preliminary Flight Certification Con- 
figuration engines to verify engine de- 
signs and to eliminate potential engine 
anomalies 

• Mission Testing 

Tests conducted on Preliminary Flight 
Certification engine configurations to 
demonstrate the reliability requirements 
of the engines. Firings conducted on 
these engine are all considered to be 
accountable firings. 

• MPTA (Cluster) Tests 

Fire all 10 vehicle engines at one time 
Verify base heating 

• Preliminary Flight 

Certification Testing (PFC) 

Sixty firings conducted on two engines to 
demonstrate durability and operability 
requirements of the engine specificaton. 

• Development Flight Tests 

Experimental flight test and booster en- 
gine recovery 

* Final Flight Certification Test 
(FFC) 

Sixty firings conducted on two engines to 
demonstrate final production engine du- 
rability and operability requirements of 
the engine specification. These tests fol- 
low the development flight tests. 

To demonstrate reliability of the flight configured engine, all engine tests which contribute 
to the reliability demonstration of the engine must be conducted on hardware which has the 
configuration of the preliminary flight certification engines. These firings are termed account- 
able firings since they contribute to the reliability demonstration of the flight configured engine. 
To demonstrate the required 0.99 reliability at 90 percent confidence a total of 230 engine firings 
must be successfully accomplished without failure or malfunction of the engine which would 
require a premature engine shutdown. Alternatively, one malfunction could occur with a total of 
388 firings and still meet the reliability requirement. The STME DDT&E Program has been 
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structured to be able to absorb one unanticipated engine failure requiring engine shutdown 
during the accountable firing phase of the development program without causing a development 
schedule impact. The derivative STBE program uses 264 accountable firings to demonstrate 
reliability requirements. Table 5.2-2 lists the engine tests and identifies the number of firings for 
each type of test. The total number of STME tests is 960 as specified by NASA, of which 414 are 
accountable firings that occur prior to first flight. The derivative STBE engine uses 488 total 
engine firings of which 264 firings are accountable prior to one first flight. 


Table 5.2-2. STME /Derivative STBE Development Tests 



Engine Tests 

Total Firings 

DERIV 

STME STBE 

Accountable Firings 
Prior to First Flight 

DERIV 

STME STBE 


Functional Checkout 

15 

10 




Interface 

15 

10 




Environmental/Structural 

90 

46 

30 

30 


Operational Demonstration 

150 

30 

30 



General Development (Pre-PFC Configuration) 

230 

70 




Mission Testing (PFC Configuration) 

258 

90 

258 

90 


Performance Demonstration 

40 

15 




Preliminary Flight Certification (PFC) 

60 

60 

60 

60 


MPTA 

30 

70 

30 

70 


Flight Test (With Checkout) 

12 

28 

6 

14 


Final Flight Certification (FFC) 

60 

60 




Subtotal 

960 

4 88 

414 

264 


Total 

1448 
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5.2.2 Development Schedules 

A Summary Development Schedule of the STME/Derivative STBE Gas Generator engine 
and the detailed Development Schedule for this engine are shown in Figure 5.2-1. These 
schedules show the Advanced Development Program which precedes the start of full-scale 
development. Major milestones are listed at the top of the charts and the upper half of the 
development schedule shows the major component rig (GG, TCA, Turbopump) tests. The lower 
half of the chart shows the major engine development tests and the qualification tests. 


Four engine test stands (each with two positions) are used for the STME/Derivative STBE 
Development Program. The Component and Subsystem Development Test Facility (CSDTF) is 
used for the Component Development Tests. One CSDTF test position is used for the GG, one 
for the TCA, two positions for the LH 2 turbopump, and two positions for the L0 2 pump. The 
maximum test rate was assumed to be eight firings (runs) per month for each position in the 
CSDTF and 10 engine firings per month for each engine test position. The typical firing rate is 
generally less than the maximum rate as shown in Figure 5.2-1. Table 5.2-3 shows a comparison 
of the maximum firing rate and the average firing rate for the STME/Derivative STBE Program. 

Table 5.2-4 shows the number of tests scheduled for the engine for both the STME and 
Derivative STBE engines. 
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Figure 5.2-1. STME/Deriuative STBE Development Schedule (Sheet 1 of 4) 



& Whitney 

FR-19691-4 
Volume II 



AlMtl/U 


Figure 5.2-1 STM Ej Derivative STBE Development Schedule (Sheet 2 of 4) 
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Table 5.2-3. STME/ Derivative STBE Test Facility Usage Rates 
(Tests per Position) 



Max Test Rate 
(Per Mo.) 

STME 

Aug. Test Rate ( Per Mn ) 

rWm QTDP r A . , 

• CDSTF 

Thrust Chamber Assy 
Gas Generator 
L0 2 Pump (2 Positions) 
LH 2 Pump (2 Positions)* 
CH 4 Pump (1 Position) 

• Engine Test (8 Positions) 

• MPT A 

8 

8 

8 

8 

8 

10 

2 Cluster Firing 

7.4 
7.8 

7.6 

5.6 

6.4 

1.1 

7.5 

7.5 

7.9 

5.4 
6.1 
1 1 

integrated 

7.5 
7.7 
7.7 

5.6 
5.6 
6.3 

— — 1.1 
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Table 5.2-4. Engine Development Tests 
(STME and Derivative STBE Engine) 


Test 

Total 

Firings 

Run Time 
Per Test (sec) 

Total Test 

• Engine Development 
Tests 
STME 

60 

20 

1,200 


140 

360 

50.400 


280 

600 

168,000 

Derivative STBE 

15 

20 

300 


30 

160 

4,800 


105 

380 

39,900 

• Accountable Firing Testa 
Including MPT A and 
Certification 
STME 

468 

600 

280,800 

Derivative STBE 

310 

380 

117,800 

• Flight and Checkout 
STME (6 engines) 

12 

360 

4,320 

STBE (14 engines) 

28 

160 

4,480 

Total Test Time 
STME 

Derivative STBE 

960 

488 


504,720 

167,280 
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5.2.3 Hardware Requirements 
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r«N« S. 2 -BA. STME Development Hardware Requirement. 
(Gas Generator Engine Development) 


Rigs 


GG 


TCA L0 2 Pump LH 2 Fump 


Number of Tests 
New Rigs 
Spare Rigs 
Total New 

Total Number of Equivalent Rigs for 
Rebuild (50% Replacement) 

Total Number of Equivalent Rigs 


150 

3 
1 

4 

2 


150 

3 


300 

5 


300 

5 


Engines 

Number of Tests 
New Engines 
Spare Engines 
Total New Engines 

Total Number of 
Equivalent Engines 
for Rebuild 
(50% Replacement) 

Total Number of 
Equivalent Engines 


Deuelopment 

79ft 

16 

2 

18 

10.5 


28.5 


1 2 

2 

4 7 

7 

2 2.5 

2.5 

6 9.5 

9.5 

Certification Tests 

MPT A Flight 

120 

GO 

O 

to 

4 

3 6 

0 

1 2 

4 

4 8 

0 

0 0 

4 

4 8 

Total - 44.5 Equivalent Engines __ 


Table 5 . 2 - 5 B. Derivative ST BE Development Hardware Requirement. 


Number of Tests 
New Rigs 
Spare Rigs 
Total New 

Total Number of Equivalent Rigs for Rebuild 
(50% Replacement) 

Total Number of Equivalent Riga 



Engines 

Number of Tests 
New Engines 
Spare Engines 
Total New Engines 

Total Number of 
Equivalent Engines 
for Rebuild 
(50% Replacement) 

Total Number of 
Equivalent Engines 


Dev elopment 

270 

6 

2 

ft 

4 


12 


1.5 

1.5 

4.5 

4.5 

Tests 

MPT A Flight 


120 

4 

0 

4 

0 


70 

7 

2 

9 

0 


28 

14 

5 

19 

0 


19 
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5.2.4 Summary 


engine 13 achievable ^th'theNASAswcIfief^ T° T^ S * h ' S ™ E/Dcnvatlve STBE GG 
conduct 960 STME engine firing, Z 488 £1““ Sni'Z'" 1 ' r* ^ ? W P “" S *° 
engines. The CSDTF test caDabilitv fn r m * k BE e gme firin e s to develop these 

assumed P&W test rates All maior n ° 2 testing may be mar ei™l based on the 

development pro^am ™ ^ “ Sp “ ,fied by NASA “» «» met for the 


5.3 FACILITY REQUIREMENTS 


tankage ££££ ^ 43 ’ ^ “ f the •« — 
the engine changed, but test S cont m ^ dme ’ not only Has 

ALS test site, Th„ effort “ ALS ^'Tt 7?' “ - *»« 

at NASA SSC. These contractors J ~T. Pro P ulsion Test Fac.ht.es Working Group 

of the engine contractors. >S nin g an sizing the facilities to meet the requirements 


W ork^g Groi^ throt^g^a^u^limdna^ AL^Ad^^™^^ tS !° ““ ALS Pr ° pu,sion Test Facilities 
Component Interface Control Document (CIClTTableTsT ’ ' LiqUld Propulsion > 
ment Program components that w“ TL t *ed at the * h * ath ** L f Advanced Develop- 
important sections of the CICD addressed the *1 c government facilities. The two most 
at the test article. Figure, £*" “? ^ ^ ^ 

components. Figures 5.3-9 through 5 3-19 show the fl / mterfaCeS required f or the various 

- ^ JSSS fo^each “ t ; ’ 


1 - The expected maximum 

2. An intermediate level that would be tested 

3. A minimum level for starting. 


Also, a preliminary estimate of the 
Table 5.3-2. 


instrumentation 


requirements is presented in 


Table 5.3-1. Components To Be Tested at Government 


Facilities 


‘jjjj Mai " Combustion Chamber. Regenerative* Cooled 

Subscale Injector and Calorimeter Combustion Chamber 

• Gas Generator * 

• Subscale Gas Generator 

• Turbopumps 
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Figure 5.3-1. Turbopump Physical Interface Points 
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Sting for Conventional Instrumentation 
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Figure 5.3-2. Gas Generator Physical Interface Points 
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Figure 5.3-3. Regenerative Cooled Thrust Chamber Physical Interface Points 


348 


RIM 1/44 











Coolant Inlets 
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Figure 5.3-5. Subscale Thrust Chamber Physical Interface Points 
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Turbine 

Exhaust 


FDA 359963 


Figure 5.3-6. Split Expander LOX Turbopump Physical Interface Points 
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Figure 5.3-7. Split Expander Hydrogen Turbopump Physical Interface Points 
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Figure 5.3-8. Split Expander Regenerative Cooled Thrust Chamber Physical Interface 

Points 
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GN 2 Purge 

P - 3000/900 
T - Amb/Uncontrolled 
W - 6/3 


Igniter (Inlet) 'K Bottles' 

POj - 1000/TBD 
TO;> Amb/Uncontrolled 
W 0 2 = 0.01/0.005 


GHe Purge 

P = 1500/900 
T = Amb/Uncontrolled 
W - 2.4/1 



PH; - 1300/TBD 
TH, - Amb/Uncontrolled 
W H 2 - 0.01/0.005 


GHe Spin Assist 
P = 750/400 
T = Amb/Uncontrolled 
F - 5/2.5 


GH 2 

P - 181.4/1118/270 
T - 520/520/496 
W =- 23.4/16.7/4 


L0 2 

P = 2703/2000/400 
T = 177/173/173 
W = 17/9/3 


P - (Max/lnt Pwr/Mln) psia 
T - (Max/lnt Pwr/Min) °R 
W - (Max/lnt Pwr/Mln) Ib/sec 

or Max/Mln 


FDA 359966 

Figure 5.3-9. Advanced Development Program Facility Interface Requirements for STME 
Hydrogen Gas Generator 
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